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Part 2. Tables for the 1958 Temperature Scale 
H. van Dijk,* M. Durieux,’ J. R. Clement,* and J. K. Logan 
(Revision: May 1, 1959) 


The generally used practical scale of temperatures between 1° and 5.2° K is the Het 
vapor pressure scale based on an accepted vapor pressure equation or table. In Sévres 
(near Paris), October 1958, the International Committee on Weights and Measures recom- 
mended for international use the ‘£1958 Het Scale” based on a vapor pressure table arrived 
at through international cooperation and agreement. ‘This table resulted from a considera- 
tion of all reliable Het vapor pressure data obtained using gas thermometers, and para- 
magnetic susceptibility and carbon resistor thermometers. The theoretical vapor pressure 
equation from statistical thermodynamics was used with thermodynamic data on liquid 
Het 2° 4 the vapor equation of state to insure satisfactory agreement of the vapor pressure 


table with reliable thermodynamic data. 


Part 1. Introduction 


The International Committee on Weights and 
Measures at a meeting in Sévres (near Paris), France, 
September 29 to October 3, 1958, approved. the 
“1958 He Vapor Pressure Scale of Temperatures” 
as an international standard for thermometry from 
1° to 5.2° K. This was the culmination of several 
vears of intensive research and cooperation on the 
helium vapor pressure scale at the Kamerlingh Onnes 
Laboratory in Leiden, Holland, and the U.S. Naval 
Research Laboratory in Washington. 

The vapor pressure of liquid He! has for a long 
time been used as a standard for thermometry be- 
tween 1° and 5.2° K. The first measurements of 
thermodynamic temperatures in the liquid Het range 
were made with constant volume gas thermometers 
filled with Het. Simultaneous measurements of the 
vapor pressure of liquid helium in temperature equi- 
librium with the gas thermometer established a vapor 
pressure-temperature relation which then was used 
as the basis for determining thermodynamic tem- 
peratures from vapor pressure measurements. With 
these vapor pressure-gas thermometer measurements 
there were measurements of He? vapor pressures 
made simultaneously with measurements of the He’ 
isotherms from which temperatures were obtained 
by extrapolating the isotherms to zero density 
(V/V +0) in accordance with the virial equation of 
State: 


IN=RT [1+ B (N/V) +C (N/V)?+ .. .] G) 
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After the latent and specific heats of liquid Het 
had been measured, the experimental vapor pressure- 
temperature relation was improved through the use 
of the theoretical vapor pressure (?) equation: 


In P=n— 224-2 In T— 7, 8 IT 
n - 19 RT 5 Nn RT H O71 


1 ee 
tpr | ; 


> 


where 

in=In (2rm)?2k*/2/h3 (3) 
and 

e=In (PV/NRT)—2BP (N/V)—(33) C (N/V)? (® 
Io is the heat of vaporization of liquid He? at 0° K, 
S,; and \, are the molar entropy and volume of 
liquid Het, m is the mass of a He* atom, Band C are 
the virial coefficients in eq (1), and the other svm- 
bols have their usual meaning. Both theoretically 
calculated and directly measured vapor pressures 
were considered in arriving at the 1958 He* Temper- 
ature Seale. 

Equation (2) presupposes that the thermodynamic 
properties entering the equation have been measured 
on the thermodynamic scale, otherwise the use of 
this equation for the calculation of P is not valid. 
In practice, however, these properties are measured 
on an empirical scale that only approximates the 
thermodynamic scale. In general this empirical 
scale has been a Het vapor pressure scale based on 
gas thermometer measurements. 








As T is lowered, the fourth, fifth, and sixth terms 
in eq (2) become smaller and less important relative 
to the first three terms. At 1.5° K, the inclusion or 
exclusion of the sum of the fourth, fifth, and sixth 
terms in eq (2) affects the temperature calculated 
from a given value of P by only 0.0005 deg. It 
may be said then, that below 1.5° K, the vapor 
pressure of He‘ is in effect really determined, within 
the present accuracy of the vapor pressure measure- 
ment, by a single empirical constant, the heat of 
vaporization of liquid He* at 0° K. At present, L, 
for He* is normally calculated from vapor pressure 
data obtained with a gas thermometer. The mag- 
nitude of the last three terms in eq (2) increases 
rather rapidly with rising 7, and above the \-point 
(2.172° K) the accuracy of the evaluation of these 
terms is a very important consideration. 

In Amsterdam in 1948, on the occasion of a Gen- 
eral Assembly of the International Union of Physics, 
a small group of low temperature physicists, meet- 
ing informally, agreed to use and recommend for 
temperature measurements between 1° and 5.2° K, 
a table of vapor pressures ot He’, then in use in 
Leiden, which came to be known as the “1948 Scale”’ 
[1].2. This scale has sometimes been referred to as 
the “1949” Seale. From1°to1.6°K, the 1948 Scale” 
was based on vapor pressures calculated by Bleaney 
and Simon [2] using eq (2). From 1.6° to 5.2° K, 
the scale was based on measured vapor pressures 
and temperatures determined with gas thermometers. 
From 1.6° to 4.2° K, it was based primarily on the 
rapor pressure measurements of Schmidt and 
Keesom [3]. 

Even in 1948, when the ‘1948 Scale” was agreed 
to, there was evidence in the measurements and cal- 
culations of Kistemaker [4] that the ‘11948 Scale” 
deviated significantly from the thermodynamic scale. 
However, it was thought at the time that, on general 
principles, indicated changes in an existing scale 
should be made only after these changes had been 
confirmed. With improvements in the precision and 
accuracy of physical measurements at low temper- 
atures, irregularities appeared in the temperature 
variation of physical properties between 1° and 5° K 
that were in the main reproducible in different sub- 
stances and properties and were, therefore, attribut- 
able to errors in the “1948 Seale’ [5]. Stimulated 
by these results which corroborated Kistemaker’s 
work, the investigations of the He* vapor pressure 
scale were undertaken that culminated in the ‘1958 
He* Scale.”’ 

Paramagnetic susceptibility and carbon resistor 
thermometers were later employed in investigations 
of the He* vapor pressure-temperature relation [6]. 
These thermometers were used for the interpolation 








of temperatures between calibration points (temper- 
atures) using an assumed relation connecting tem- | 


perature and paramagnetic susceptibility or carbon 
resistance for the calculation of the temperatures. 





6 Figures in brackets indicate the literature references on page 4. 


| 
2 


For suitably chosen paramagnetic salts, the Curie- 
Weiss Law was assumed to hold: 


C 


x 


where X is the magnetic susceptibility and C and A 
are empirical constants. Measurements at two tem- 
peratures would suffice to determine these two em- 
pirical constants if the measurement were really of x 
or a quantity directly proportional to X. However, a 
calibration of the paramagnetic thermometer at a 
third calibration temperature is necessary because 
the arbitrariness in the size and arrangement of the 
paramagnetic salt samples and the induction coils 
that surround the salt sample for the susceptibility 
measurement make the measurement a linear fune- 
tion of X. Interpolation equations for carbon resistor 
thermometers are not as simple as eq (5) and do not 
have a theoretical basis. Hence, vapor pressure 
data obtained with carbon resistor thermometers are 
of more limited usefulness for the determination of 
the He* vapor pressure-temperature relation. Clement 
used carbon thermometer data to examine the de- 
rivative d (In P)/ d (1/7), [7]. 

Important use has been made of He* vapor pressure 
measurements made with magnetic susceptibility and 
carbon resistor thermometers in arriving at the 1958 
He* Seale.’”’ These vapor pressure measurements 
were considered along with those made with gas 
thermometers and vapor pressures calculated using 
eq (2). Temperature measurements with magnetic 
and carbon resistor thermometers are much simpler 
to make than measurements with gas thermometers, 
and hence vapor pressure data obtained with mag- 
netic and carbon resistor thermometers are more nu- 
merous. Also, the measurements made with these 
secondary thermometers are more precise (to be dis- 
tinguished from accurate) which makes them espe- 
cially useful for interpolation between the gas ther- 
mometer data. 

There are, accordingly, three practical methods 
for determining the He* vapor pressure-temperature 
relation: (1) By use of the direct vapor pressure 
measurements made with gas thermometers, (2) 
through the use of eq (2) with some vapor pressure- 
gas thermometer data, and (3) through the use of 
vapor pressure measurements with secondary ther- 
mometers which have been calibrated using some gas 
thermometer data. If all the pertinent experimental 
data were accurate and all temperatures were on the 
thermodynamic scale, these three methods would 
vield results in good agreement with each other, and 
any one might be relied upon for the construction 
of the He* vapor pressure-temperature table defining 
the scale. Because of experimental errors, however, 
the vapor pressures obtained by the different methods 
differ when carried to the limit of the sensitivity of 
the measurements. For He* between 1° and 4.5° K, 
different choices of the methods and different selec- 
tions of the experimental data used, weighting factors 
and corrections to the published data vield scales 
all within about 4 millidegrees of each other. The 


primary evidence for this is that 4 millidegrees is the 
maximum difference between the L55 Scale [8] ob- 
tained by method (2) and the 55E Scale [9] obtained 
by method (3). This then is a measure of the range 
(total spread) of uncertainty at present in the He’ 
vapor pressure scale of temperatures between 1° 
and 4.5° K. 

All published He* vapor pressure measurements, 
and thermodynamic data needed for eq (2) were 
independently studied and correlated by H. Van 
Dijk and M. Durieux at the Kamerlingh Onnes 
Laboratory in Leiden [8] and by J. R. Clement and 
J. K. Logan at the U.S. Naval Research Laboratory 
in Washington [9]. As far as possible, the experi- 
mental data of the original investigators were 
recalculated on the basis of later knowledge of the 
temperature scale, fundamental constants, and the 
properties of He*. In some cases, limitations were 
imposed on these recalculations by the incomplete 
reporting of the experimental data by the original 
investigator. 

After working independently, van Dijk and 
Clement cooperated to compromise their differences. 
They met first in Leiden, August 1955 and later in 
Washington, summer of 1957. From January 22 to 
March 14, 1958, Logan worked at Leiden, and later 
represented Clement at a conference in Leiden, June 
1958, at which agreement was reached on the ‘11958 
Het Seale.” This cooperation was an important 
factor in the improvement of the scale. 

Where the differences between the values obtained 
by handling the experimental data differently are 
largest (4 millidegrees), the ‘1958 Scale’ falls 
between the extremes. At other places it is close to 
the mean of these values and at no place does it 
deviate by more than 2 millidegrees from the mean. 
The estimated uncertainty of the “1958 He* Seale” 
is accordingly +2 millidegrees between 1° and 
4.5° K. At higher temperatures, the estimated 
uncertainty is larger. 

Now that the International Committee on Weights 
and Measures has recommended the ‘1958 He‘ 
Seale’? as an international standard it is presumed 
that henceforth the International Committee on 
Weights and Measures will take the initiative in 
improving the scale when changes are needed. 
Before the International Committee on Weights and 
Measures assumed responsibility for the He* vapor 
pressure scale, the Commission on Very Low Tem- 
perature Physics in the International Union of Pure 
and Applied Physics concerned itself with the scale. 
This began with the informal meeting in Amsterdam 
in 1948 that resulted in the ‘1948 Seale.”’ At the 
Low Temperature Conferences sponsored by the 
Commission on Very Low Temperature Physics of 
the International Union of Physics at Paris in 1955, 
and at Madison, Wisconsin, in 1957, sessions were 
held at which the He* vapor pressure scale of tem- 
peratures was discussed. 

The National Bureau of Standards sponsored 
meetings, for discussion of the helium vapor pressure 
scale of temperatures, held at the NBS during the 
spring meetings of the American Physical Society 








in Washington, 1955 and 1957. Also, the NBS 
encouraged cooperation in reaching national and 
international agreement on the scale. It initiated 
or promoted the meetings for discussion of the 
differences between the L55 and 55E Scales proposed 
respectively by Van Dijk and Durieux, and by 
Clement. These were the meetings held August 26 
and 27, 1955 in Leiden (before the Low Temper- 
ature Conference in Paris) [10], July 30, 31, and 
August 1, 1957 in Washington (before the Low 
Temperature Conference in Madison) [11], and June 
13, 14, and 16, 1958 in Leiden (before the meeting 
of the Advisory Committee on Thermometry of the 
International Committee on Weights and Measures 
in Sévres) [12]. Also, the National Bureau of 
Standards promoted the arrangement which sent 
Dr. Logan of the U.S. Naval Research Laboratory 
to work in the Kamerlingh Onnes Laboratory from 
January 22, to March 14, 1958. 

The Scale agreed upon at Leiden, June 13 to 16, 
1958 was presented to the Advisory Committee on 
Thermometry of the International Committee on 
Weights and Measures at its meeting in Sévres, 
June 20 and 21, 1958. The recommendation of the 
Advisory Committee to the International Committee 
was as follows [12]: 


“Le Comité Consultatif de Thermométrie, 

“avant reconnu la nécessité d’établir dans le 
domaine des trés basses températures une échelle de 
température unique, 

“avant constaté l’accord général des spécialistes 
dans ce domaine de la physique, 

“recommande pour l’usage général |’ “Echelle 
‘He 1958,” basée sur la tension de vapeur de l’hélium, 
comme définie par la table annexée. 

“Les valeur des températures dans cette échelle 
sont désignées par le symbole Tg.” 


The table of He* vapor pressures that was sent 
to the International Committee with this recom- 
mendation was the table distributed at the Kamer- 
lingh Onnes Conference on Low Temperature 
Physics at Leiden, June 23 to 28, 1958. It was 
published in the Proceedings of the Kamerlingh 
Onnes Conference [13]. 

On the recommendation of its Advisory Committee 
on Thermometry, the International Committee on 
Weights and Measures approved the ‘1958 Het 
Scale of Temperatures” at its meeting at Sévres, 
September 29 to October 3, 1958. 

The table adopted by the International Com- 
mittee on Weights and Measures was a table of 
vapor pressures at hundredth degree intervals. This 
table was expanded by Clement and Logan making 
table I of this paper with millidegree entries. 
Table I was inverted to give tables II and III which 
express 7'’as a function of vapor pressures. Auxiliary 
tables were added including a table of the differences 
between the 1958 Scale and other earlier used 
scales. Linear interpolation is valid for all tables 
except at the lower temperature end of table IV. 
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Part 2. Tables for the 1958 Temperature Scale 


H. van Dijk, M. Durieux, J. R. Clement, and J. K. Logan 


1. Introduction 


The tables which follow are these: 

Tas_e I. Vapor pressure of He* (1958 Scale) in 
microns (10-° mm) mereury at O° C and standard 
gravity (980.665 em/sec*?). This table is an expanded 
version, with pressure values at millidegree intervals, 
of the table which defines the vapor pressure on the 
1958 scale at 10-millidegree intervals. 

TasL_e II. 1958 He* vapor pressure-temperature 
scale, T in °K as a function of P in millimeters mercury 


tension of table II for pressures greater than 80 em 
mercury. It is numbered independently because 
the pressure unit is centimeters mercury rather than 
millimeters mercury. 

TaBLe IV. Temperature derivative in millimeters 
Hye /°K for the 1958 He! Seale. This table gives values 
of the first derivative, dP/d7T, to four significant 
digits. These values are smoother and more precise 
than values obtained directly from table I by simple 
difference calculation, and they represent true 
derivatives of the scale defined by table I. 

TasLe V. clueiliary table for making hydrostatic 


head correction. This table gives, as a function of 
pressure, values of the ratio between the density of 
liquid He T and the density of mercury at 0° C. 

TasBLe VI. Deviations of earlier seales from the 
1958 scale. The definitions of earlier scales used for 
obtaining the values in this table are explicitly given 
in explanatory notes which accompany It. 

Tasie VII. Ausriliary table for making corrections 
for the density of mercury at temperatures other than 


at 0° Cand standard gravity. This table is an inver- 
sion of table I for appropriate ranges of pressures 
and pressure intervals. Since this table contains 
differences between successive entries, it furnishes a 
convenient means for converting a measured vapor 
pressure to a temperature within 0.1 millidegree. 
Tasie III. 1958 Het vapor pressure-temperature 
scale, T in °K as a function of P in centimeters mercury 
at 0° © and standard gravity. This table is an ex- 





0° ©. This table gives values of the ratio between 
the density of mercury at temperatures between 10° 
and 39° C and the density at 0° C. Following this 
table is an equation useful for making another correc- 
tion which in precise work must be applied to the 
observed height of a mercury column. This equa- 
tion gives an empirical relation between the accelera- 
tion due to gravity and the local latitude and altitude. 
If the local value of this acceleration is unknown, the 
equation will vield a value sufficiently accurate for 
the purpose of manometry. 


2. Constants Used in the Computation of 
the Scale 


Certain constants are necessary for computing a 
vapor pressure-temperature scale. The values of 
these constants adopted for the computation of the 
1958 seale are tabulated below. The significance 
of the Ly value may be found in Part 1, Introduction 
by F. G. Brickwedde. These constants are: 7 

12.2440 cgs units; L)=59.62 j/mole; R=8.31662 
j/mole-deg; density of mercury at 0° C=13.5951 
g/em*, standard gravity =980.665 em/sec?; pressure 
at the A-point=37.80 mm mercury at 0° C and 
standard gravity. 


3. Fixed Points on the Scale 


The boiling point is at 4.2150° K for P=760.00 mm 
mercury at O° C and standard gravity (or 1013250 
dynes/em?). The A-poimt is at 2.1720° K for P as 
noted above. The critical point, if the critical 
pressure is taken to be 1718 mm mercury (Kamer- 
lingh Onnes, Leiden Comm. 124b) at 0° C and stand- 
ard gravity, is at 5.1994° K. 


4. Comments on Determining Temperature 
by Measuring Vapor Pressure 


Two techniques are commonly used for deter- 
mining a temperature by measuring the vapor 
pressure of liquid Het. In one, the pressure at some 





point above a bath of liquid helium is measured. In 
this case, standard practice has been to add to the 
measured pressure, When above the A-point pressure, 
an amount equal to the pressure exerted by the 
column of helium between the point where the 
pressure is measured and the poimt in the bath 
occupied by the object whose temperature is desired. 
Below the A-point, no correction of the observed 
pressure is ordinarily made, although the pressure 
drop in the gas due to pumping may become signifi- 
cant at low pressures. In the other technique, the 
pressure over a small amount of helium condensed 
In a “vapor pressure bulb” is measured. Since this 
“bulb” is normally placed close to the point in the 
bath occupied by the object whose temperature is 
desired, correction of the observed pressure is usually 
considered unnecessary above, as well as below, the 
\-point. Numerous arrangements have been used 
for the pressure-transmitting line from the “bulb” 
to the manometer, but no standard practice seems 
to prevail. In any such apparatus, thermomolecular 
pressure differences between the cold “bulb” and the 
warm manometer arise at sufficiently low pressures. 

It is generally known that various adaptations of 
these two techniques vield slightly different pres- 
sures and therefore slightly different temperatures, 
especially above the A-point. Although these tem- 
peratures usually differ by no more than 0.01° K, 
special attention to technique seems required when 
precision exceeding 0.01° K is desired. Two condi- 
tions necessary to any satisfactory technique for 
determining the temperature of an object by meas- 
uring the vapor pressure of a liquid seem obvious. 
First, there must be thermal equilibrium between 
the object and the liquid. Second, the pressure at 
which the liquid is in equilibrium with its saturated 
vapor must somehow be determined. In the case 
of He* there is one criterion which, if satisfied, 
probably assures that these conditions are met. 
Differences between the thermal properties of He* 
above and below the \-point are so large that, if the 
calibration of a secondary thermometer vields a 
continuous curve through the \-point, the technique 
by which the calibration was obtained is probably 
satisfactory. 
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5864. 63 | 5889. 92 | 5915. 30 
| 
6121. 28 | 6147. 40 | 6173.61 
6386. 27 | 6413. 23 | 6440. 28 
6659. 81 | 6687. 64 | 6715. 56 
6942.07. | 6970.78 =| ~—s 6999.58 
7233. 21 7262. 82 7292. 52 
7533. 37 7563. 89 | 7594. 50 
7842.76 | 7874.21 | 7905.76 
8161. 53 8193. 93 | 8226. 43 
8489. 84 8523. 20 | 8556. 66 
8827.86 | 8862.20 | 8896.64 
| | 
g175.74 | 9211.08 =| ~—-9246. 52 
9533. 66 9570. 01 | 9606. 46 
9901. 82 9939. 21 | 9976. 70 
10280. 3 10318. 7 | 10357. 3 
10669. 4 | 10708. 9 10748. 5 
11069. 2 11109. 7 | 11150.4 
11479. 7 | 11521.4 | 11563. 2 
11901. 4 | 11944. 2 | 11987. 1 
12334. 1 12378. 0 | 12422. 0 
12778. 2 12823. 2 | 12868. 4 
13233. 9 13280. 1 13326. 4 
13701. 1 | 13748. 5 13796. 0 
14180. 1 | 14228. 6 | 1427.3 
14671. 0 14720.8 | 14770.7 
15174. 0 15225. 0 | 15276. 1 
15689. 3 15741. 5 | 15793.8 
16216. 9 16270. 4 | 16324.0 
16757. 2 16811. 9 | 16866. 7 
17309. 9 | 17365.9 } 17422. 0 
| | 
17875. 5 | 17982.8 | 17990. 2 
18454. 0 | 18512.6 | 18571.3 
19045. 5 19105. 4 | 19165.4 
19650. 1 19711. 3 | 19772.6 
20268. 0 20330. 5 | 20393. 1 
20899. 1 20963. 0 | 21027.0 
21543. 7 21608. 9 | 21674. 2 
22201. 9 22268. 5 | 22335. 2 
22873. 7 22941. 6 | 23009. 7 
23559. 1 23628. 4 | 23697.8 





Taste. Vapor pressure of Het (1958 scale) in microns (10-3 m m) mercury at 0° ¢ 
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0.000 0.001 0.002 0.003 0.004 0.005 0.006 
23767. 4 23907. 0 23977.0 24047. 2 24117. 5 241S87.9 
24470. 9 24613. 2 24684. 6 24756. 1 24827.8 24899. 6 
25188. 1 25333. 2 25406. 0 25478. 9 25551. 9 25625. 1 
25919. 2 26067. 1 26141. 3 26215. 6 26290. 0 26364. 6 
26664, 2 26814. 9 26890. 5 26966, 2 27042. 0 27118. 0 
27423. 3 27576.8 27653. 8 27730. 9 27808. 1 27885. 4 
28196. 3 28352. 6 28430. 9 28509. 4 28588. 0 28666. 8 
28983. 2 29062. 7 29142. 3 29222. 1 29302. 0 29382. 0) 29462. 2 
29784. 2 29865. 1 29946. 1 30027. 2 30108. 5 30189, 9 30271. 5 
30599. 1 30681. 4 30763. 8 30846. 4 30929, 1 31011. 9 31094. 9 
31428. 1 31511.8 31595. 6 31679. 6 31763. 7 31847.9 31932. 3 
32271. 1 32356. 2 32441. 4 S 32612. 3 32697. 9 32783. 6 
33128. 0 33214. 5 33301, 1 33387. 8 33474. 6 33561. 6 33048. 7 
33998. 6 34086. 4 34174. 4 34262. 5 34350. 7 34439. 0 34527. 5 
34882. § 34971. 9 35061, 2 35150. 6 35240. 2 35329. 9 19. 7 
35780. 3 35870. 7 35961. 3 36052. 0 36142. 9 36233. 9 k 0 
36690. 9 36782. 7 36874. 6 36966. 6 37058. 8 37151. 1 37243. 5 
37614. 3 37707. 4 37800. 6 37893. 4 37987. 3 3SO80. 8 38174. 4 
38550, 2 38644. 5 38739. 0 38833. 6 SS8Y28. 4 39023. 3 S9LIS. 4 
39500. 3 39596. 2 39692. 2 39788. 3 3YUSS4. 6 39981. 0 40077. 6 
40465. 6 40563. 0 40660. 5 40758. 2 40856. 0 40954. 0 $1052. 2 
41446.6 41545.6 41644. 7 41744.0 41843. 4 41943. 0 $2042.8 
$2443. 5 $2544. 1 426044.5 $2745. 7 12846. 8 42048. 0 43049. 4 
43456. 5 43558. 7 43661. 0 43763. 5 $3866. 2 43969. 0 44072.0 
44485. 7 44589. 5 44693. 5 4797.6 14901.9 45006. 4 151110 
45531. 3 45636. 8 45742. 4 45848. 2 45954. 1 {060.2 Wi1H6, 5 
46593. 5 46700. 6 46807. 9 46915. 4 $7023. 0 17130.8 47238.8 
47672. 5 47781.3 47890. 3 47999. 5 IS 108. 9 18218. 4 18328. 1 
AST68. 6 I887Y. 2 {SUSY Y {100.8 49211.8 49323. 0 $9434. 4 
{YSS1.S 49994, ] 50106. 5 50219. 1 50331. 9 50444. 9 AOSSS. 0 
51012. 3 51126. 3 51240. 5 51354. 8 51469. 3 51584. 0 51698. 9 
52160. 2 52276. 0 ) 52508. 0 52624. 3 52740. 8 52857. 4 
53325. 8 53443. 3 0 53678. 4 53797. 0 53915.3 54033. 7 
54509. 2 54628. 5 0 54867. 7 54987. 6 55107.6 55227.8 
55710. 5 55831. 6 56074. 4 56196. 1 56318. 0 56440. 0 
56930. 0 57053. 0 57299. 4 57422. 9 57546. 6 STO70. 5 
58167.8 58292. 6 58417. 5 58542. 6) SSHES. 0 58793. 5 AS919, 2 
59423. 8 5YM550. 5 5YS04. 3 59931. 5 HO0SS. 9 HOIS6. 5 
60698. S 60827. 3 61084. 7 61213.8 61343. 1 61472. 5 
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70152. 0 70294. 0 70436. 1 TOASTS. 4 70721. 0 TORE 3. 7 71006. 6 
71580. 2 71724. 1 7 1868, 2 72012. 5 72157. 0 72301. 6 72446. 5 
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80572. 2 SO728. 3 SOSS4. 7 $1041, 2 SITIOS. 0 81454. 4 81512. 1 
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TaBLE TI. Vapor pressure of Het (1958 scale) in microns (10-3 mm) mercury at 0° C and standard gravity (980.665 cm/sec?) —Con. 






































TK 0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 
2.70 | 112175 112371 112567 112764 112960 113157 113354 113552 113749 113947 
2.71 | 114145 114343 114542 114741 114940 115139 115339 115538 115738 115939 
2.72 | 116139 116340 116541 116742 116943 117145 117346 117548 117751 117953 
2.73 118156 118359 118562 LIS766 118970 | 119174 119378 119583 119788 119993 
2.74 | 120198 120403 120815 121021 121228 121434 121848 122055 
2.75 | 122263 122471 122887 123096 123305 | 123514 123933 124143 
2.76 | 124353 124563 124984 125195 125406 125617 126041 126253 
9.77 | 126465 126678 126891 127104 127317 127531 127745 127959 128173 128388 
2.78 | 128603 128818 129033 129244 129465 129681 129897 130114 130331 130548 
2.79 | 130765 130983 131200 131419 131637 131855 132074 132293 132513 132732 
2.80 | 132952 138172 138392 133613 133834 134055 134276 134498 134720 | 134942 
2.81 135164 135387 135609 135832 136056 136279 136503 136727 136952 137176 
2.82 | 137401 137626 137851 138077 138303 138529 138755 138982 139209 139436 
2.83 139663 139890 140118 140346 140574 140803 141032 141261 141490 | 141719 
2. 84 141949 142174 142409 142640 142870 143101 143333 143564 143796 144028 
2.85 144260 144403 144725 144958 145192 145425 145659 145893 146128 146362 
2.84 146507 148832 147068 147304 147540 147776 148012 148249 | 148486 148723 
2.87 148961 149199 149437 149675 149913 150391 150630 ) 150869 
988 151349 151589 151830 152070 152312 152794 153036 153278 
2.89 153763 154006 154249 154493 154736 155224 155469 155714 
> YQ) = 15H2O4 156450 156695 156941 157188 157681 157928 158176 158423 
2.91 | 158671 158919 159168 159416 159665 159914 160164 160413 160663 160914 
2.92 151164 Isl4ls 161666 161917 162169 162421 162673 162925 163178 163431 
2.93 153684 163937 164191 164445 164699 164954 165208 165463 165719 165974 
2.94 166230 IH64S6, 166742 166999 167256 167513 167770 168028 | 168285 168544 
2.95 16802 169061 169320 169579 169839 170099 170359 170619 170880 171141 
2.96 | 171402 171663 171925 172187 172449 172712 172974 173237 | 173501 173764 
2.97 , 174028 174292 174557 174821 175086 175352 175617 175883 176149 176415 
2.98 176682 178049 177216 177484 177752 178020 178288 178557 178825 | 179095 
2.99 17934 179634 179904 ISO174 180444 180715 1SO9S6 181257 181529 181801 
3.00 | 182073 182345 IS261S IS2891 183164 183438 183712 183986 184260 184535 
3. 01 IS4810 IS5085 185361 185636 185912 186189 186465 186742 187019 187296 
3.02  IS87574 ISTS52 ISS130 ISS409 ISS687 IS8967 189246 189525 189805 190086 
3.03 190366 19547 190928 191209 191491 191773 192055 192338 192621 192904 
3.04 193 1S7 193471 193755 194039 194324 194608 | 194804 195179 195465 195751 
3.05 195037 196323 196610 196897 197184 197472 197760 198048 198336, 198625 
3.06 198914 199203 199492 199783 200073 200363 200654 200945 | 201237 201528 
3.07 | 201820 202112 202405 202697 2029091 203578 203871 204166 204460 
3.08 | 204755 205050 205346 205641 205937 20623% 206530 206827 207124 207421 
3.09 207719 208017 298315 208614 208912 209221 209511 209810 210110 210411 
3.10 | 210711 211012 211313 211614 211916 212218 212520 213125 213429 
3.11 | 2137382 214036 214340 214644 214949 215254 215559 216171 | 216477 
3.12 216783 217090 217397 217704 218012 218320 218628 219246 219555 
3.13 219864 220174 220484 220794 221105 221416 221727 222350 222663 
3.14 | 222975 223288 223601 223914 224541 224855 | 225485 225800 
3.15 | 226115 226431 226747 227063 227696 228013 | 228649 | 228967 
3.16 | 229285 220604 229922 230242 230881 231201 231842 232163 
3.17 232484 232806 233128 233450 234095 234418 234742 235390 
3.18 | 235714 236039 236364 236689 237340 | 237666 237993 | 238647 
3.19 | 238974 239302 239630 239958 240616 240946 241275 | 241935 
3.20 | 242266 242597 242928 2438259 243591 243923 244255 244588 244920 245254 
3.21 | 245587 245920 246255 246589 246924 247259 247595 247930 248266 248602 
3.22 | 248939 249276 249613 249951 250289 250627 250965 251304 251643 251982 
3.23 252322 252662 253002 253343 253684 254025 254367 254709 255051 255393 
3.24 2545736 256070 256423 256767 257111 257455 257800 258145 258490 | 258836 
3.25 259182 QAIN 259875 222 260569 260916 261264 261612 261960 262309 
3.26 262658 2638007 263357 707 264057 264408 264759 265110 265462 265814 
3.27 = 266166 266519 266871 267225 267578 267932 268286) 268641 268995 269351 
3.28 269706 270062 270418 270774 271131 271488 271845 : | 272561 272919 
3.29 | 273278 273637 273996 274355 274715 275075 275435 276157 276518 
3.30 276880 277242 277605 277967 278331 278694 279058 279422 279786 280151 
3.31 280516 2SOSS | 281247 281613 281979 282346 282712 283080 283 447 283815 
3.32 284183 QR4552 284920 285290 285659 286029 286399 286770 287140 287512 
3.33 | 287883 288255 288627 288999 289372 289745 290118 200492 290866 291240 
3.34 291615 291990) 292365 292741 293117 293493 293870 294247 294624 295002 
3.35 295380 295758 296137 296516 296895 297275 297655 298035 298416 298797 
3.36 299178 209560 29994 I 300324 300706 301089 301472 301856 302239 302624 
$37 393008 308393 303778 304163 304549 304935 305709 306096 306483 
3.38 396871 307259 307648 308037 308426 308815 309595 309986 310377 
8.39 SLOTHS 311159 311551 311943 312335 312728 313515 313908 314302 
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0.000 0.001 0.002 he 0.003 
- a a } — a ~~ 
314697 | 315092 315487 315882 
} 
318659 319057 | 319455 | 319854 
322654 | 323055 | 323457 | 323859 
326684 | 327089 | 327493 | 327899 
| | 
| 330747 | 331155 | 331564 | 331973 
334845 | 335257 | 335668 | 336081 
338976 | 339391 339806 | 340222 
343141 | 343559 | 343978 | 344397 
347341 347763 | 348185 | 348608 
351575 | 352000 | 352426 | 352852 
| 

355844 356273 | 356702 | 357131 
360147 360579 361012 | 361445 
364485 364921 | 3¢ 365794 
8 | 368860 | 369299 369 370179 
* 373269 373712 | 374155 374599 
377714 | 378160 | 378607 379054 
382194 | 382644 383094 | 383545 
386710 387164 387617 388072 
391262 391719 392177 392634 
395849 396310 396770 397232 
| 400471 400935 401400 401865 
405130 405598 406066 406535 
| 409825 410296 410768 411240 
414556 415031 | 415507 415983 
| 419324 419803 | 420282 420761 
424128 424610 | 425093 425576 
} | 428968 429454 | 429941 430427 
| 433846 434336 | 434826 435316 
| 438760 439254 439748 | 440242 
443713 444210 444708 445206 
448702 4149203 449704 450206 
453729 454234 454739 455244 
458794 459303 459812 4610321 
463897 464409 464922 465435 
469038 469554 470071 470588 
474218 474738 475258 §75779 
479435 4179959 | 480483 481008 
484691 485219 48574 486275 
489485 490516 491048 491580 
495317 495852 496388 496924 
5OO6BS8S8 501227 5O1L767 502307 
506098 506641 SOTISS 507729 
511547 512094 512642 | 513190 
17036 517587 518139 518690 
522564 523119 523674 524230 
528132 528691 529250 529810 
533739 534302 534865 535429 
539387 539954 540521 541089 
545075 545646 | 546218 546790 
550805 551380 551956 552531 
556574 557153 557732 | 558312 
562383 562966 563550 564133 
568234 568821 569409 569997 
574126 574717 575309 575902 
589059 589655 581251 581847 
586934 586634 587234 587835 
592051 592655 593259 593864 
598110 5OSTIS 599327 599936 
694210 604822 605435 606048 
610352 610969 611586 612203 
616537 617158 617779 618401 
622764 623389 (24014 24640 
629033 629662 630292 630922 
635345 635979 636613 637247 
641700 642338 642976 643615 
64899 648741 649384 650027 
654541 655188 655836 656482 
661026 661677 662328 662980 
667554 668209 668865 669521 
674125 674784 675444 676105 


Vapor pressure of Het (1958 scale) in (hteshascetiaiaen (10-3 mm) 


mercury at 0° ( 


| 0.004 


| 

316278 
320253 
324262 
328305 


332382 
| 336493 
| 340638 
344817 
349030 
| 353278 


357561 


| 361878 
366231 
370619 


375043 
379502 
383996 


388526 
393092 
397693 


41)2330 


497004 
411713 
416459 


#21241 
426060 
430915 


435807 
440737 
445704 


450708 


455750 
460831 
165949 


471105 
176300 
481533 
ISHS04 
492113 
197461 


502847 





519243 


524786 
530370 
535993 


541657 
547362 
553108 


558893 


564718 
570586 


576494 


582444 
588436 
594470 


690545 
HO66H62 
612821 


619023 


625266 
631553 
637882 


644254 
650671 
657130 
663632 
670177 
676766 


0.005 


316674 


320652 
| 3° 24665 
| 328711 


332792 
336906 
341054 


| 345237 
349454 
353705 


| 357991 


362312 2 


37 1060 


3754 
37995) 
384447 


388982 
393551 
398155 


402796 


407473 
412186 
416935 


421721 
426543 
431402 


436208 
441232 
446203 


#51211 


456257 
461341 
466463 


4171623 
476822 
AS82058 


487333 
492646 
197998 


5038388 


5SOSSIS 
514287 
5I9TYS 


525343 
530930 
536558 
542226 
547935 
553684 
559473 


565303 
o71175 
577087 





583041 
589037 
595075 
601155 
607276 


613439 


619645 





644894 
OH51315 
657778 


664284 
670834 
677427 


0.006 


317070 


321052 
325068 
329118 
333202 
337319 
341471 





345657 
349877 
354132 


358422 


362746 
367106 
371501 


375932 
380398 
384899 


389437 
394010 
398618 


403262 


407943 
412659 
417412 


4299()9 
427028 
£31890) 


436790 
441727 
446702 


451714 


456763 
4651851 
4H6977 


472141 
477344 
{82584 


ISTSHS 
493180 
498535 


503929 


509363 
514836 
520348 


525900 
531491 
137123 


542795 
548508 
554262 


560054 


SH5SS89 
571764 
577681 
583639 


SSYB3Y 
595681 


HOLT65 
HOTS90 
614058 


20268 


626520 
H382815 
639153 


45534 
651959 
658427 


HH4938 


671491 


678089 


0.007 


317467 


321452 
471 





333612 
337733 
341888 


346077 
350301 


| 354560 


358852 


363180 
367544 
371943 


376377 
380846 
385351 


389893 
394469 
399081 


4103728 
408413 


413133 
417890 





447201 


452217 


457270 
162362 
167492 


172660 
477866 
483110 


IS8303 
493713 
199073 
504471 

5OQ9OS 
5153885 
520901 

526457 
532053 
537688 
543364 
549082 
554839 
560636 


56647 4 








DI8275 
584237 
590241 
59BQSS 


602376 
HOS505 
614677 


620891 


627148 
633447 
639789 


646174 
652604 
659076 
66559] 
672149 
678751 





C and standard gravity (980.665 em/sec?) 





3: 299% 32 
334023 
338147 
342305 


346498 
350725 


| 354987 


359284 


363615 
367982 
372384 


376822 
381295 
385804 


390349 
394929 
399544 


404195 


JO8S8S8S3 
413607 
418367 


423164 
427097 
132867 


437774 
142719 
447701 


457778 
162873 
468007 


473179 
478389 
183637 


188923 
494247 
499611 


505013 


510454 
5159385 
521455 


527015 
532614 
538254 


543934 
549656 
555417 


561218 


5H7060 
572944 
578869 


584836 
5YO844 
5YBRYS 


602987 
609120 
6152907 


621515 


627776 
634079 
640426 


H46815 
653249 


659726 
666245 
672807 
679413 









Con. 
———==—=—=—=:= 
0.009 


318261 





346919 
351150 
355416 


359715 


364050 
368421 
372826 


377268 
381744 
386257 


390805 
395389 
400007 


404662 


4093.54 
414081 
418846, 


423646 
428482 
133356 


138267 
143216 
148201 


453225 


J5ASZRH 
13385 
468522 


473698 
478912 
184164 


480454 
194782 
500149 


505555 


511000 
516485 
522009 


527573 
533176 
538820 


544504 
550230 


555995 
At 1 SOO 


567647 
573535 
579464 


585435 
591447 
5YTHO2 


HO359S8 
609736 
615917 


622139 


628404 
634712 
641063 


47457 
653895 
660376 
HOH6B899 


673466 
HS0076 








Tasrel. Vi a pen of Hed —_ 58 rs in microns ssnniil 3mm) mercury at 0° C and standard gravity (980.665 cm/sec?) —Con.- 





















































= : - 
T°K 0.000 | 0.001 | 0.002 0.003 | 0.004 1 | 0 0.005 | 0.006 0.007 0.008 0.009 
= ———|—_-——- vs 7 ee ep i ee | rem 
! = 6 | | 
4.10 | 680740 | 681404 | 682068 | 682733 | 683398 | 684064 | 684730 685397 686064 | 686731 
4.11 | 687399 688067 688736 | 689405 | 690075 690745 | 691416 | 692087 692759 693431 
4.12 | 694103 694776 | 695449 696123 | 696797 | 697471 698146 698822 699498 | 700174 
4.13 | 700851 701528 702206 702884 703562 704241 | 704921 | 705601 706281 | 706962 
| | | 
4.14 | 707643 708325 | 709007 709689 710372 | 711055 711739 } 712423 713108 | 713793 
4.15 | 714479 | 715165 715852 71652) 717226 | 717914 | 718602 719291 719980 | 720670 
4.16 | 721360 722050 | 722741 723433 724124 | 724817 | 725509 | 726203 726896 727590 
4.17 728980 | 729675 730371 731067 | = 732461 | 733159 733857 734556 
4.18 LL te 736654 747354 738055 | 739458 | 740160 740863 741566 
4.19 | 7426 73 | 743677 744382 745087 746499 747205 747912 748620 
4.20 | 749328 | 750036 751454 752164 752874 | 753584 754295 755007 755719 
4.21 | 756431 757144 7 759285 759999 760714 | 761430 | 762146 762862 
4.22 | 763579 764296 | 7 766451 767170 767889 768609 | 76936 770051 
4.23 | 770772 771494 | 7 773662 774385 775109 775834 777284 
4.24 | 778010 | 778736 | 779463 780190 780918 781646 782375 | 783104 | 783833 784563 
4.25 | 785204 TRH025 | 786756 787488 TS8S953 TRYIBR6 790419 | 791153 791888 
4.26 | 792623 793358 | 794094 794831 796305 797043 707781 | 798520 799259 
4.27 fe i | 800739 | 901480 82221 802962 803705 804447 805190 | 805934 806678 
4. 28 7422 | 808167 808912 809658 810405 811152 811809 §12647 | 813395 814144 
4. 29 $14803 815643 | $16393 817143 817894 818646 819398 820151 | $20904 821657 
| } 
4.30 | 822411 823166 823921 824676 825432 826188 826945 827703 | 828461 829219 
4.31 830737 831497 832257 833018 833779 834541 835303 | 836065 836828 
4.32 838356 839121 R39886 840651 841417 842184 842951 | 843718 | 844486 
$4.33 846024 846793 847563 848334 849104 849876 850648 851420 | 852193 
4.34 | 852966 853740 854514 855289 856064 856839 857616 858392 | 859169 | 859947 
4.35 860725 861504 SH2283 SH3062 863842 864623 865404 866185 | 866967 | 
41.36 | 868533 869317 S7O101 870885 871670 872455 873241 874028 | §74815 | 875602 
4.37 | 876390 877178 877967 878757 879546 S80337 881128 881919 | 882711 883503 
$38 SS84206 SS5OS8Y RSISS3 SS6678 887472 SSS8268 SSO064 SSYSR60 | 890657 891454 
4.39 | 892252 893050 893849 894649 895448 896249 SY7050 897851 S98653 |} 899455 
| 
4.4 900258 901061 QO1R65 902669 903474 904279 905085 905891 906698 | 907505 
4.41 | 908313 909121 909930 910739 911549 | 912359 913170 913981 914793 
2 916418 917231 918045 Q1S8859 919674 920489 921305 922121 | 922938 } 
4.43 | 924573 925391 926210 927029 927849 928669 929490 930311 | 9311383 | 931955 
4.44 | 932778 933601 934425 935249 936074 936899 937725 938551 939378 | 940205 
4.45 | 941033 941861 942690 943519 944349 | 945179 946010 946841 | 947673 | 948505 
4.46 | 949338 950171 951005 951839 952674 953509 954345 955181 | 956018 | 956855 
4.47 957693 958531 959370 960209 961049 961890 962730 963572 964414 965256 
148 966099 966942 Q6T77S86 968631 969476 970321 971167 972013 972860 973708 
4.49 | 974556 975405 976254 977104 977954 978804 979656 980508 981360 | 982213 
} | | 
$50 983066 983920 984774 985629 986485 987340 988197 989054 | 989911 | 990769 
4.51 | 991628 992487 993346 994206 995066 995927 996788 | 997650 998513 | 999376 
4.52 1000239 1001103 1001968 1002833 1003699 1004565 1005432 1006300 1007168 1008036 
4.53 | 1008905 1009774 1010644 1011514 1012385 1013256 1014128 1015001 |1015874 1016747 
4.54 1017621 1018496 1019371 1020246 1021122 1021999 1022876 |1024632 \1025511 
4.55 102636 1027270 1028150 1029031 1029913 1030795 1031677 2! 1033444 }1034328 
4.56 (1035213 1036098 1036984 1037870 1038756 1039643 1040531 1041419 1042308 {1043197 
4.57 1044087 1044977 1045868 1046759 1047651 1048544 1049437 1050330 1051224 1052119 
4.58 LO53014 1053910 1054806 1055703 1056600 1057498 1058396 1059295 1060194 1061094 
4.59 1061995 1062896 1063797 1064700 1065602 1066505 1067409 1068313 1069218 11070123 
4.60 1071029 1071935 1072842 1073749 1074656 1075565 1076474 1077383 1078293 | 1079203 
4.61 1080114 1081026 1081938 1082850 1083763 1084677 1085591 1086506 |1087422 | 088338 
4.62 |1089254 1090171 1091089 1092007 1092925 1093845 1094764 1095685 1096606 |1097: 527 
4.63 1098449 1099372 1100295 1101218 1102142 1103067 1103992 1104918 11105845 11106772 
4.64 1107699 1108627 1109555 1110484 1111414 1112344 1113274 1114205 11115137 |1116069 
4.65 (1117002 1117935 1118869 1119803 1120738 1121674 1122610 1123546 11124483 1125421 
4.66 1126359 1127298 1128237 1129177 1130118 1131059 1132000 1132942 1133885 11134828 
4.67 |1135772 1136716 1137661 1138606 1139552 1140499 1141446 1142393 }1143341 
4.68 1145239 1146189 1147139 1148090 1149041 |1149993 1150945 1151899 | 1152852 
4.60 (1154761 1155716 1156672 1157629 1158585 1159543 1160501 1161460 /1162419 
| 
4.70 1164339 1165300 1166261 1167223 1168186 1169149 1170112 1171076 huizz041 1173006 
4.71 |1173972 1174938 1175905 1176873 1177841 1178810 1179779 1180749 11181719 |1182690 
4.72 1183662 1184634 1185606 1186580 1187553 1188527 1189502 1190478 1191453 1192430 
4.73 1193407 1194385 1195363 1196342 1197321 1198301 1199281 1200262 1201244 1202226 
| 
4.74 12038209 1204192 1205176 1206160 1207145 1208130 1209116 1210103 |1211090 1121207 8 
4.75 |1213066 1214055 1215044 1216035 1217025 1218016 1219008 1220001 |1220993 1221987 
4.76 1222981 223976 1224971 1225967 1226964 1227961 1228959 1229957 11230956 |1231955 
| 
4.77 |1232955 1233955 1234956 1235957 1236959 1237962 1238965 1239969 | 1240973 1241978 
4.78 (1242983 1243989 1244996 1246003 1247011 1248019 1249028 1250037 }1251047 1252058 
4.79 1253069 1254081 11255093 11256106 1257119 1258133 1259148 1260163 11261179 }1262195 


11 








Pastel. Vapor pressure of Het (1938 scale) in microns (10°-% mm 
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kK 


SU 


ad | 
S2 
83 


s4 
85 
SD 


91 
92 
93 
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95 


97 
OS 
a9 


01 
he 


5. 03 


5. O04 


5. O58 
5. 06 
5. 07 

OS 
» 09 


20 


P 


Ol 
02 
03 
4 
Os 


0.000 


1263212 


1273414 
1283673 
1293991 


1304367 
1314802 


1325297 


1335850 
1346462 
1357136 


1367870 


1378662 
1389516 
1400424 


1411404 
1422438 
1433533 


1444640 
1455911 
1467191 


1478535 


1489940) 
1501409 
1512940 


1524535 
1536192 
1547912 


L5596YS 
1571546 
1583458 


1595437 


1607481 
1619584 
1631761 


1644000 
1656305 
1668673 


1681108 
1693612 
1706180 


1718817 


1731521 


1744290) 


ABLE 


0. 7907 
S407 


S727 


SUT 
YI61 
4325 


4465S 
Y5YS 


Q710 
Os14 


9Y1] 
1. 0000 
1. 0083 
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1. 0236 
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0.001 


1264230) 
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1284702 
1295026) 


1305408 
1315849 
1326350 
13364908 
1347527 
1358207 





13608947 


1379745 
1390605 
1401524 


1412505 
1423545 
1434646 
14458040 


1457036 
1468323 








1479673 


1491084 
1502559 
1514097 
1525698 
1537361 
1549088 
1560880 
1572734 
1584653 
1596638 
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1632082 
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1707441 


1720084 


1732795 


1958 He 
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6 O37S 
b 441 
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1265248 





1306444 
1316846) 
1327403 
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1348592 
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1413606 
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1446429 
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1492224 
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0.003 
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17 9213 
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Hh O44 
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mperature scale, T in 
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mercury at 


1268306 
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Cand standard gravity (980.665 em) sec 
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P in millimeters m 


1270347 


1280580 
1240884 
1301248 


1343272 
1353927 
134643 
1375418 
1386253 
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1408105 
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1486512 
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1556155 
LA67YSS 
L57YS7S 
L5Q1T S38 
1603861 
1615950 
1628102 
1640321 
1H5 2606 
1HH4956 
177370 
1684854 
1702403 
715014 
1727703 


1740452 


S285 15 
Sb42 29 
SHOT 22 
G106 14 
Q274 15 
9427 14 
Q5AY 12 


9677 11 
Q7TS4 10 
OS83 4 
QUT 4 a 
O05 s 
O13Y9 7 
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O417 ty 
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S4HS 
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Con. 


Tarte IL. 1958 Het vapor pressure-lemperature scale, T in °K as a function of P in millimeters mercury al O° C and 


standard gravity, 980.665 cm/sec Continued 




















0 | 5 6 9 

1. 0554 ay) O609 54 OO8S 52 O715 14 O764 14 OS13 14) OSSD 15 Og04 $4 0948 13 0991 41 
1. 1032 1] 1073 39 1112 38 1150 38 LISS 36 1224 3H 1260 35 1295 34 1329 33 1362 33 
1. 1305 32 1427 32 1459 31 1400) 30 1520 30 1550 29 1579 29 1608 28 1636 27 1663 28 
1. 1641 27 1718 2b 1744 2H 1770 26 1796 25 1821 25 1846 25 Is71 24 IS95 24 1919 23 
1. 1942 24 1066 23 1989 22 2011 23 2034 22 2056 22 2078 21 2099 21 2120 21 2141 21 
l A | 2183 20 2203 20 2223 20 2243 20 2203 20 2283 14 2302 19 2321 19 2340 19 
l Is 2377 Is 2395 19 2414 Is 2432 17 2449 IS 2467 IS 2485 17 2502 17 2519 17 
l 17 2553 17 2570 16 BASH 17 2603 16 219 16 9635 16 2651 16 2667 16 2683 16 
1. 2609 15 2714 It 2730 15 2745 15 2760 15 2775 15 2700 15 2800 15 2820 14 2834 15 
1. 2849 14 2S 15 2878 14 2892 14 2906 14 2920 14 2034 14 2048 13 2961 14 2475 14 
1, 2089 13 3902 13 3O15 14 3029 13 3042 13 3055 13 3068 13 $081 13 3094 13 3107 12 
1.3119 13 3132 13 3145 12 3157 12 3169 13 3182 12 3194 12 $206 12 3218 12 3230 12 
1. $242 12 8254 12 32H 12 3278 12 $240 11 3301 12 3313 12 11 3336 12 3348 11 
1. 3359 1] 3370 11 3381 12 3393 1] 3404 11 3415 11 3426 1] ‘ 11 3448 11 3459 10 
1. 3464 11 3480 in| 3491 10 3501 11 3512 1] $523 1D) 3533 li $544 10 3554 10 3564 1] 
1.3575 Ww 3585 10 3595 10 BH05 10 BH15 10 3625 10 3635 10 3045 10 10 3065 10 
1. 86075 10 3O85 10 3695 9 3704 10 3714 10 3724 it) 3733 10 3743 9 10 3762 9 
eae 4 3780 10 3790 q 3799 10 4809 i) 3818 if) 3827 4 3836 iF) 9 3854 y 
1. 38608 su 43O52 SH {03S s2 4120 sv) 1200 eK? 277 rey $352 i3 4425 71 4446 ay 1505 7 
1. 4632 65 1697 3 17H0 63 1824 60 {SS3 60 4943 AS 5001 A6 5057 56 5113 sty 51s 53 
1. 5221 53 5274 jl Al 5376 14 5425 14 5474 1s 5522 17 Aaty 47 16 16 5662 45 
1.5705 44 ota 44 579h 133 5S3S 42 ASSO 42 5922 41 5YES 4] HO04 {0 6044 {0 6084 39 
1. 6123 34 6162 4S 6200 38 6238 37 6275 37 6312 36 6348 36 6384 36 6420 35 6455 35 
1. 6490 a0 H525 34 6559 34 6593 33 6626 33 6659 33 6692 32 6724 32 6756 32 6788 32 
1. 6820) 31 6851 at HSS2 31 6913 30) 6943 30 6973 30 7003 30 7033 29 TOE2 29 7091 29 
1.7120 28 7148 29 7177 28 7205 28 7233 28 7261 27 7288 28 7316 27 7343 27 7370 26 
1.7346 27 7423 2) 7444 mi) 7475 26 TAO 2 7527 25 7552 } 7518 25 THOS 25 7628 25 
1. 7H53 i) TOTS 24 7702 25 7120 24 T7951 24 7775 24 7799 24 7823 23 7846 24 7870 2 
1. 7893 23 7TU16 23 7930 23 THH2 23 TUS5 23 SOUS 22 S030 23 S053 22 8075 22 $O$7 22 
1S119 22 S141 22 S163 21 S1S4 22 S206 21 $227 22 8244 21 S270 21 8291 21 #312 21 
1. 8333 20 8353 21 S374 21 S35 20 S415 20 S435 21 S456 20 S476 20 8496 20 R516 20 
1. 8536 14 8555 20 S575 >) R55 19 S614 20) S634 19 S653 19 S672 19 8691 19 S710 1Y 
1.8729 14 S748 14 S767 Is S785 14 SSO4 19 SS23 Is XS41 14 SSHO 1S SATS 18 S8O6 18 
1 sv14 Is S32 Is SYS) IS RUGS Is SUSE Is O04 1s YO22 17 4039 Is GO57 17 $074 IS 
1. you? 17 g109 17 Q126 IS 9144 17 9161 17 Y178 17 9195 17 9212 17 9229 17 9246 16 
1. 9262 7 9279 7 9206 It 9312 17 9329 16 9345 17 9362 16 U378 16 9394 17 9411 16 
1.9427 16 O4435 16 G45 16 4475 16 4441 16 Y507 16 Q523 16 9539 15 9554 16 9570 lt 
1. YANG 16 Y602 15 W617 15 Y632 16 Y64S 15 YH63 16 Qi79 15 694 15 9709 15 9724 16 
1. 0740 15 4755 15 4770 15 Q785 15 Ys00 15 Ys15 15 YX30 14 Os44 15 QRAY 15 OS74 15 
1. YSSY 14 9908 18 9918 14, 9932 15 Q947 14] 9961 15-9976 14-9990 15 | 0005 14 | 0019 14 
2. 0033 15 QO4S 14 O0b2 14 OO7TH 14 O090 14 0104 OLIS 14 0132 14 0146 14 0160 14 
2.0174 14 O1SS 14 0202 13 Q215 14 0220 14 0243 0257 13 0270 14 0284 13 0297 14 
2.0411 13 0324 14 0338 13 O351 14 O365 13 0378 0391 14 0405 13 0418 13 0431 13 
2.0444 14 0458 13 0471 13 0484 13 0497 13 O510 13 0523 13 0536 13 0549 13 0562 13 
2. 0575 13 O5SS 12 600 13 O613 13 0626 13 639 13 0652 12 O664 13 0677 13 0690 12 
2. 0702 14 O715 12 0727 13 0740 12 0752 13 O765 12 0777 13 0790 12 OS02 12 OS14 13 
2. US827 Zz OS3Y 12 OS51 12 OSHS 13 OS7H 12 OSS 12 O900 12 0g12 12 0924 12 (936 13 
2 0949 12 OUBL 12 0973 12 OSS 12 QYU7 12 1009 12 1021 11 1032 12 1044 12 1056 12 
2.1068 12 1080 12 1092 i 1103 12 1A 12 1127 i2 1139 11 1150 12 1162 12 1174 11 
2.1185 12 1197 11 1208 12 1220 11 1231 12 1243 11 1254 12 1266 11 1277 12 1289 i 
2. 1300 12, 1312 11 1328 11 1334 12 1346 Wf 1357 11 1368 11 | 1379 12} 1391 11 | 1402 i 
2.1413 11 1424 12 1436) 1 1447 11 1458 iW 1469 11 1480 11 1491 1 1502 11 1513 11 
2. 1524 11 1535 11 146 11 1557 11 1568 11 1579 1] 1590 11 1601 11 1612 il 1623 11 
2. 1634 10 1644 11 1655 11 1666 11 1677 11 1688 10 1608 11 1709 11 1720 11 1731 10 
2.1741 | 1752 11 1763 10 1773 1 1784 11 1795 10 1805 11 IS16 10 1826 11 1837 11 
2. 1848 10 1858 11 1869 11 ISSO 10 1S90 10 1900 10 1910 i] 192] 10 1931 11 1942 10 
2. 1952 10 1962 11 1973 10 1YS3 10 1903 11 2004 10 2014 10 24 10 2034 10 2044 11 
2. 2055 10 2065 10 2075 10 2085 10 2095 10 2105 10 2115 11 126 10 2136 10 2146 10 
2. 2156 10 2166 10 2176 10 2186 10 2196 10 2206 10 2916 4 9925 10 2235 10 2245 10 
2. 2255 10 5 0 2075 10 2285 i) 2204 10 2304 10 2314 10 2324 10 2334 9 2343 10 
2. 2353 10 2363 9 2372 10 2382 10 2392 Y 2401 10 2411 10 2421 v 2430 10 2440 10 
2 2450 7) 2450 i) 2468 10 2478 10 248s Ww 2498 i) QHOT 4 2516 7) 2525 10 2535 9 
2. 2544 1 254 i) 2503 10 2573 a QAS2 i) 2541 10 2601 4 2610 9 2619 10 2629 9 
2. 2638 i) 47 i) 2656 0 2666 i) 2675 i) 2684 Y 2693 10 2703 9 2712 9 2721 9 
2. 2730 4 IT 3Y +) 2748 4 9757 10 2767 iT) 2776 if) QTR iY) IT O4 y 2803 y 2812 9 
2. 2821 4 2830 i) 2830 a INAS i) IRAT 4 2st i) R75 i) RN 4 i) 2893 y 2902 9 
2. 2911 SS 2000 s7 3086 86 | 3172 85 | 3257 s4 3341 83 | 3424 82. 3506 Ss] 3587 79 | 3666 79 
2. 3745 78 | 3823 78 | 3901 76 | 3977 75 | 4052 75 § 4127 74| 4201 73} 4274 73 | 4347 71 | 4418 v1 
2. 4480 71 1560 69 1620 69 4108 6S {766 6s 1834 67 4401 ith $967 Hit 5033 66 sOuY b4 
2. 5163 H4 | 5227 4 5201 63 5354 63 5417 62] 5479 61 5540 61 601 61 5662 HO | 5722 59 
». 5781 60 SN41 AN 5SUY 59.) AQSS 57 HOLS os | 6073 57 | 6180 5h BING 57 | 6243 55 | 6208 vv 





TasBLE II. 1958 Het vapor pressure-temperature scale, T in °K as a function of P in millimeters mercury at 0° C and 


standard gravity, 980.665 cm/ sec-—Continued 
























a se | | | 
P 0 | 1 | 2 3 4 5 6 7 8 9 
| 
~ 7 - ——| a peers a Pe . i : —| . 
100 2. 6354 55 | 6409 55 | 6464 54 | 6518 54 | 6572 53 § 6625 54 6679 53 | 6732 52 | 6784 52 | 6836 52 
110 2. 6888 52 | 6940 51 6991 51 | 7042 51 | 7093 50 7143 50 7193 50 7243 49 | 7292 40 7341 49 
120 2. 7390 49 7439 48 7487 48 | 7535 4s 7583 48 7631 47 7678 47 7725 47 7772 46 7818 47 
130 2. 7865 46 7911 46 7957 45 8002 46 | 8048 45 8093 45 8138 44 8182 45 | 8227 44 8271 44 
| } | 
140 } 2.8315 44 | 8459 43 8402 44 | 8446 43 8489 43 8532 43 8575 42 8617 42 8659 43 8702 42 
150 | 2.8744 41 | 8785 42 | 8827 42 | 8869 41 | 8910 41 8951 41 8992 40 | 9032 41 9073 40 | 9113 40) 
160 | 2. 9153 40 9193 40 | 9233 40 | 9273 39 9312 40 9352 3Y 9391 39 9430 39 | 9469 39 | 9508 38 
170 | 2 9546 39 | 9585 38 | 9623 38 | 9661 38 | 9699 38 | 9737 37 | 9774 38 | 9812 38 | 9850 36 | 9886 38 
180 | 2. 9924 37 9961 36 | 9997 37 0034 37 0071 36 0107 36 0143 36 0179 36 0215 36 0251 36 
190 } 3. 0287 36 0323 35 0358 35 0393 36 0429 35 0464 35 0499 35 0534 34 | 0568 35 0603 34 
200 | 3.0637 35 0672 34 0706 34 0740 34 0774 34 OS8O8 34 0842 34 O876 33 0909 34 0943 33 
| 
210 3. 0976 34 1010 33.) 1043 33 | 1076 33 1109 33 1142 32 | 1174 33 1207 33 1240 32 1272 32 
220 } 3.1304 33 1337 32) 1369 32 1401 32 1433 32 1465 31 1496 32 1528 32 1560 31 1591 31 
230 | 3.1622 32 1654 31 | 1685 31 1716 31 1747 31 1778 31 1809 31 1840 30 | 1870 31 1901 30 
240 3.1931 31 30 1992 30 2022 30 2052 30 2082 30 2112 30 2142 30 2172 30 2202 29 
250 3. 2231 30 30 2291 29 2320 29 2349 30 2379 29 2408 20 2437 29 2466 29 2495 29 
260 3. 2524 28 29 2581 29 2610 28 2638 29 2667 28 2695 29 2724 28 2752 28 2780 28 
270 3. 2808 28 2836 28 2864 28 2892 28 2920 28 2948 28 2076 27 3003 28 3031 27 3058 8 
280 3. 3086 27 3113 28 3141 27 3168 27 3195 27 3222 27 3249 27 3276 27 3303 $f 3330 27 
290 3. 3357 27 3384 26 3410 27 3437 26 3463 27 3490 26 3516 27 3543 26 3569 26 3595 27 
300 3. 3622 26 3648 26 | 3674 26 3700 26 3726 26 3752 26 3778 25 3803 26 3829 26 | 3855 25 
310 3. 3880 26 39006 25 3931 26 3957 25 3982 26 4008 25 1033 25 1058 25 4083 26 4109 25 
320 3. 4134 25 4159 25 4184 25 4209 24 4233 25 4258 25 4285 20 4308 24 4332 25 4357 25 
330 } 3. 4382 24 4406 25 4431 24 4455 24 4479 25 4504 24 4528 24 4552 24 4576 25 4601 24 
! 
340 3. 4625 24 4649 24 4673 2: 4697 24 4721 23 4744 24 4768 2 4792 24 4816 23 1830 24 
350 3. 4863 23 {S86 24 4910 23 4933 24 4957 23 {US80) 24 AO4 2 5027 2 5OSO 23 5073 24 
360 3. 5097 23 5120 23 5143 2. 5166 23 5ISY 23 5212 23 A235 23 5258 22 5280 23 5303 3 
370 326 23 5349 22 5371 23 A304 23 5417 22 5439 23 5462 22 5484 22 5506 23 4529 22 
380 51 22 5573 23 5596 22 S618 29 5640 22 AH62 22 56s4 22 5T06 pi) 5728 22 5750 2” 
390 22 5794 22 5S16 22 538 22 5860 21 5SS1 22 5903 22 5925 22 5947 21 AOS 22 
400 3. 5990 21 6011 22 6033 21 6054 22 6076 21 H097 22 611y 21 6140 21 6161 21 H1S2 2 
410 3. 6204 2 6225 2 6246 21 6267 21 6288 21 6309 21 6330 21 6351 21 6372 21 6393 21 
420) 3.6414 21 6435 21 6456 21 6477 A) 6497 21 6518 21 6539 20) 6559 21 6580 21 H60l AY 
4130 3. 6621 9 642 20 6662 91 6HO83 AN) 6703 21 6724 20 6744 20) 764 21 O7S85 20 HS05 20 
440 3. 6825 >) 6845 21 6866 Ha) 6BSS86 yal) 6906 A) 6926 2) 6946 >) 6966 A) 6986 A) TOO6 a) 
450 3. 7026 pal) 7046 20 T7066 A») TOS6 19 7105 1) 7125 1) 7145 20) T7165 19 71s4 20) 7204 20 
460 3. 7224 19 7243 20 7263 19 7282 20) 7302 Pal) 7322 1u 7341 19 7360 20 T7380 19 7309 20 
470 | 3. 7419 19 7438 19 7457 20 7477 19 7496 14 7515 19 7534 19 7553 20 7573 19 7592 19 
480 | 3. 7611 19 7630 19 7649 19 THOS 14 7687 1Y 7706 1Y 7725 19 7744 19 7763 1S 77s 10 
490 | 3. TSO00 19 7819 19 7838 19 7857 1s 7875 19 7804 1Y 7913 Is 7431 19 TY50 19 Ta69 1S 
| 
500 | 3. 7987 19 8006 18 | s8024 19 8043 1s S061 19 USO 18 SOUS 19 S117 1s 8135 18 8153 9 
510 3. 8172 18 8190 18 8208 19 8227 18 8245 18 R263 18 S281 18 8299 18 8317 19 8336 18 
520 | 3. 8354 18 8372 18 8390 18 S408 1s 8426 18 S444 Is S402 1s S480) 1s S408 18 S516 17 
530 | 3. 8533 18 8551 18 8569 18 SORT 18 8605 17 SH22 18 sH40 IS SHS 18 SO7H 17 SOUS Is 
540 | 3.8711 17 S728 18 S746 18 S764 17 STAI 18 STUY 17 AS16 18 S834 17 S51 1s SRO 17 
550 | 3. S886 17 8903 18 8921 17 SU3S 17 8U55 1s SU73 17 SOO 17 WOT 1s 9025 17 W42 17 
560 |} 3.9059 17 W076 17 9093 18 9111 17 9128 17 9145 17 9162 17 9179 17 9196 \7 9213 17 
570 } 3.9230 17 9247 17 9264 17 9281 17 9298 17 9315 17 9332 17 9349 16 9365 17 Y382 17 
580 3. 9399 17 9416 17 9433 16 9449 17 9466 17 9483 16 9499 17 9516 17 9533 16 9549 17 
590 } 3.9566 17 9583 16 9599 17 9616 16 9632 17 9649 16 9665 17 9682 16 Y69S 17 9715 16 
660 3. 9731 16 | 9747 17 | 9764 16 | 9780 17 | 9797 16 J Ysl3- 16 | YS2Y 17 | 9846 16 | 9862 16 | Y878 16 
610 3. 9894 17 9911 16 9927 16 9943 16 9959 16 9975 16 9991 16 QOO7 17 0024 16 0040 16 
620 4. 0056 16 Q072 16 OOSS 16 0104 16 0120 16 0136 16 O152 16 O168 16 OLS4 15 O1gy 16 
630 | 4.0215 16 0231 16 0247 16 0263 16 Q279 16 0295 15 0310 16 0326 16 0342 16 O358 15 
640 4. 0373 16 O389 16 0405 15 0420 16 0436 16 0452 15 0467 16 0483 15 0498 16 0514 16 
650 4.0530 15 0545 16 O561 15 0576 16 Q592 15 607 16 0623 15 0638 15 0653 16 0669 15 
660 4. 0684 16 0700 15 0715 15 0730 16 0746 15 O761 15 O776 16 O792 15 O807 15 0822 15 
670 4, 0837 16 0853 15 O868 15 O883 15 OSYS 15 0913 15 Q92S8 16 0944 15 0959 15 0974 15 
680 4. O9S8Y 15 1004 15 1019 15 1034 15 1049 15 1064 15 1079 15 1094 15 1109 15 1124 15 
690 4.1139 15 1154 15 1169 15 1184 14 1198 15 1213 15 1228 15 1243 15 1258 15 1273 14 
700 4. 1287 15 1302 15 1317 15 1332 14 1346 15 1361 15 1376 15 1391 14 1405 15 1420 15 
710 4.1435 14 1449 15 1464 14} 1478 15 1493 15 1508 14 1522 15 1537 14 1551 15 1566 14 
720 4. 1580 15 1595 14 1609 15 1624 14 1638 15 1653 14 1667 14 1681 15 1696 14 1710 15 
730 4.1725 14 1739 14 1753 15 1768 14 1782 14 1796 15 IS11 14 1825 14 1839 14 1853 15 
740 4. 1868 14 1882 14 1896 14} 1910 15 1925 14 1939 14 1953 14 1967 14 1981 14 1905 14 
TW 4. 2009 15 2024 14 2038 14 2052 14 2066 14 2080 14 2094 14 2108 14 2122 14 2136 i4 
760 4.2150 14 2164 14 2178 14 2192 14 2206 14 2220 14 2234 14 2248 14 2262 13 2275 14 
770 4. 2289 14 2303 14 2317 14 2331 14 2345 14 2358 14 2372 14 2386 14 2414 1 
780 4.2427 14 2441 14 2455 14 2469 13 2482 13 2496 14 2510 13 252: 14 2551 13 
7TH 4. 2564 14 2578 14 | 2592 13 2605 14 2619 13 2632 14 2646 13 13 2686 14 
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0414 
1640 
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395 
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102 
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=y 
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9387 
0275 


1121 
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365 
398, 
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4167 
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2968 132 | 
4244 122 
5427 114 
6532 107 
7570 100 
8550 95 
9478 90 
0361 86 
1203 &3 
2009 79 
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.O1018 


St. ¢ 
100.5 
117.5 
136 
177 
200 
224 
250. 
977 
306.6 
336, 
308. 4 


Q009799 


1958 Het vapor pressure-ltem perature 


3100 
4366 
5541 
6639 
7670 
8645 
9568 
0447 
1286 


2088 


scale, T in ° K as a function of P in centimeters me 
980.665 cm/sec 2 


gravity, 


0.03 0.04 0.05 
0). 001287 0. 001674 0.002157 | 
01236 . 01493 01792 
. 06506 O7501 OS617 
2328 . 2602 . 2902 
. 6406 T7008 . 7654 
1. 462 575 1, 694 
2. 907 3.095 3. 291 
5. 205 5.491 5. 788 
8. 587 8. 993 Y. 413 
13. 26 13.81 14. 37 
19. 42 20.12 20. 84 
27.18 28.05 28. 94 
36.61 37. 64 38. 69 
47.67 18. 86 50. 06 
60. 20 61. 52 2.85 
73. 81 75. 20 76. 60 
87. 74 89. 09 GO. 41 
102. 1 103.7 105. 4 
119.2 | 121.0 122.9 
137.9 | 139.9 141.8 
158. 1 | 160.2 162.3 
179. 8 182.0 | <3s83 
2.9 | 205.3 | 207.7 
227.4 230.0 232. 4 
258.3 256. 0 258. 6 
280. 7 283. 5 286. 3 
309. 5 312.5 315. 5 
339.9 343.0 346.1 
371.6 374.8 378. 1 
404.7 408. 1 411.5 
439.1 442.7 446.2 
474.9 178. 6 482.3 
512.2 516.0 519.8 
550.8 554.8 558.8 
591. 2 595. 4 599. 5 
633. 3 637.6 642.0 
677.0 (81.4 €85.9 
721.6 | 720.1 730. 7 
768. 6 773.4 778. 3 
817.9 | 822.9 828. 0 
869. 1 | 874.3 879.5 
922. 1 927.6 933. 0 
977.3 982.9 OSS. 6 
1035 1041 | 1046 
1094 1100 1107 
1156 1163 1169 
1221 1227 1234 


3231 
4428 
5654 
6745 
7770 
8739 
9658 
0533 
1367 


2166 
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94 
89 
85 
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3362 
4608 
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6850 
7870 
8833 
9747 
0618 
1449 





rivative, dP/dT, in millimeters Hg/° K for the 1958 Het v 
mercury at O° C and standard gravity, 9 


6 
3491 128 
4728 118 
5878 111 
6955 104 
7968 99 | 
8927 93 | 
9836 89 
0703 84 
1530 81 








7 8 
| 
3619 127 | 3746 = -126 
4846 118] 4964 9117 
5989 110 | 6099 ~—:109 
7059 =-103 | 7162 ~—-108 
8067 97 | 8164 97 
9020 92} 9112 92 
9925 88 | 0013 88 
0787 84 | 0871 84 
1611 80 | 1691 80 





rcury at O° C and standard 





3872 125 
5081 116 
6208 109 
7265 102 
8261 97 
9204 92 
0101 87 
0955 83 
1771 80 





apor pressure-temperature scale, Pin millimeters 
80.665 cm/sec? 








0.06 


. 02141 


09863 
. 3228 
. 8346 


1, 820 


3. 496 
6. 096 
| 9. 846 


14. 95 
21.58 
29. 84 


39. 76 
51. 28 
64.19 


77.99 


91.71 
107.1 
124.7 


143.8 
| 164.5 
| 186.6 


210.1 
235. 0 


261.3 
289, 2 


318. 5 
349.3 
381.4 


414.9 
449.7 
486.0 


523.6 
562.8 
603. 7 





646. 3 


690.3 
735. 3 
783. 2 


833. 1 
884.8 
938. 5 


994. 4 
1052 


1113 


0. 002755 | 


0.07 

0. 003489 
. 02544 
. 1125 


. 3583 
. 9084 


76 


84 


t 














0.08 


0. 004384 
- 03008 


. 1280 
. 3968 
- 9871 


2.093 


3. 935 
6. 747 
10. 75 

16. 
23. 


31. 


15 
10 
69 


41. ¢ 








0. 005468 
- 03540 


- 1451 
- 4385 
1.071 





53. 
66. § 


80. 79 
94. ¢ 


110. 
128. 


147. 
168, 
191, 


215.0 
240. 


266. 


294. 9 


on 


324. 
355. 6 
388. ( 


421. 
456. 
493. 


Ost 


531. 
570. 
612. 


ww 


Wo, 


699. 
744. 
793.0 


843. 
895. ¢ 
949. 
1006 
1064 
1125 
1188 


1254 





| 95. 77 
112.2 


130.3 


149.8 
171.0 
193. 5 


217.4 
242.7 
269.5 


297. 8 
327.6 
358. 7 
391.3 


425. 2 
460.5 

















TABLE V. 

















rom 


it its saturated vapor pressure 
is 13.5951 


Table gives values of the ratio between the density of liquid He I 
at 0° C and standard gravity, 980.665 cm/sec? The density of mercury has been taken 
analysis, examination of the original literature is recommended 
P ‘) 1 2 4 
it) 0.01 O754 
10 O10561 oa 0534 26 O50 el) O42 25 O457 
20) O1L0317 22 0295 y 02738 22 0251 21 0230 
$) GLOLOS 1) OOSS 20) 0065 20 0045 0) OO25 
4) GOYGOT 20 USST 0 YS67 14 US4S 20 YS2s 
Tr Oou7T11 19 OH92 19 73 20 Y6H53 19 O34 
“Ho OO9516 20 9496 19 9477 19 Y45S8 20 4438 
70 (09321 20 430] WwW HO») WW Y265 man) 9245 
~“ OO91T2S 19 Y10G ih) GO) 2) YO7T( 10 ans] 
ua COS932 19 RU13 20 SAUL AY SATS 20) ASO 
oo OQOST30 21 S709 22 SGS7 21 SHO 29 SbH44 
10 MOS51S 23 R4ACO 99 S408 23 S445 23 8422 
120) OOS27S 24 8254 24 8230 25 8205 26 SITU 
130 OOSOLY Ds 7991 oN TOH3 Ds 7935 2Y TY06 
140 007723 33 THO 32 T7658 33 34 7o9l 
150 OO7364 42 7322 13 7209 44 7230 1H) 7ISY 
160 (O6BSTS 61 HS12 64 O74 Hs HOS0 io HoOT 
170 HO5S64 299 5635 PRT 44S 
TABLE VI. Deviations of earlier scales I 
L55 55E 4s Bs 37 32 »y 24 
‘if 
kK 
O7 Li +1.0 +04 +03 Is. 4 > a | 2.1 
s 12 +}. 1 +5 3 20.4 10.3 2.3 
G 1.3 +1.2 +. +.4 31.9 22. 1 17.3 2.4 
0 1.5 +1.3 5 +.4 26.8 23 23.5 2.6 
| 1.6 +1.4 2 +. 4 21.5 7 28. 5 RT 
12 17 +1.5 +. 4 +.5 15. 2 } 32. 1 2.8 
1.3 -1.8 +1.5 +.3 +. 4 s.1 7 34.1 $0) 
14 1.9 +46 11 (0 + 8 2.3 5. 5 34.4 4 
15 2.0 +16 +1.3 +1.2 +1. 1 24.7 33. 2 $ 
1.6 2.1 $1.5 +24 +18 + 2.6 23. 2 30.3 +0). 2 
7 +1.4 +3. +2.6 : 21.0 25. 9 $34.0 
Le Se | +39 +34 + Is. 0 2), 2 + 5S. 6 
u ae 4 +0).8 +5. 1 +4.1 + 14.2 13.3 +7. 5 
2 4) Wee 7 1. § +0 +46 +56 9,7 6 +4. t 
2.1 2.2 +. +8. 4 +5. 1 +7.1 4: +2.5 +104 
AR 4 Me 4 +. 5 +44 +43 +8. 2 +8. 2 +111.2 
2.3 2.1 z +8. 5 +8. 2 +7. 0 7.0) $113.3 
24 20 0 7 0 +5, 4 +54 +111.2 
2.5 1.Y -.4 +56 +3.8 +3.8 +1068 
2.6 1.8 7 +5.0 +2. 1 +2. 1 +100. 7 
y Aa 1.5 y +4.5 $3.6 +0. 6 +-(), ¢ 43. 4 
2.8 1.3 1.1 +3. 6 +3. 4 sf] 4 +R5, 2 
> 9 0.9 cs +4.7 +3.6 Za 2 2.2 76.3 
a Explanatory notes concerning table of deviations of earlier scales from the 
1958 scale: 
T:s; Defined by equation on p. 33 of Leiden Comm. No. 147b (Kamerlingh 
Onnes and Weber) and by last equation on p. 23 of Leiden Comm. Supp] 
No. 49 (Verschaffelt). These equations yield equal pressures at about 
1.59° K. Therefcre, values up through 1.5° K were derived from Ver- 
schaffelt’s equation and those above from that of Kamerlingh Onnes 
and Weber. 
Tx. Defined by eq (6) on p. 36cf Leiden Comm. No. 202c (Keesom, Weber, and 





Schmidt). These equations give equal pressures at 2.176 ‘.~ “ene 
authors state in the last paragraph of the communication, p. 37, that the 
first of the equations fits reasonably well the data of Comm. No. 147t 
up to 5° K. Therefore, deviations up to 5.0° K have been included in 
the table 
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A uxiliary table for use in making hudrostatic head correction 


ind the density of mercury at 0° C P in centimeters mercury 
cm If densities of liquid He 1 constitute critical data in an 











the 








t ry Ss ; 
OF17 35 OHS 5 OO4Y 30 OLY 24 O540 29 
04338 44 409 23 (386 23 363 24 O340 23 
O209 21 OSS 21 O67 ps | O146 20 O126 2] 
O05 2) GOS) 20) 9465 19 946 20) YO? 19 
GSOY 20 Y7SU 14 “770 20 14 9731 a>) 
O614 ") YAO4 20) Q574 19 19 9536 XY) 
9419 20) O309 19 380 20 20 9340 10 
9224 14 920 i) YIS6 ht) at 9147 19 
G03] 19 a} 1) SUG2 1) 20 ROAD 1) 
SSH: 1 SSI12 ( 8742 A | 0 S75) 21 
SO25 1 SHOD ed SNL) a4 BOTS 29 SOK 23 
S3US S37 4 S351 24 S327 25 S302 24 
8153 2 8127 2 S100 th SO74 SO47 28 
787i 29 754s st) TRIS 31 7787 Wao 32 
7005 sty 7519 3a 7482 3s 7444 3u TAOS 4] 
7141 a) TOM2 41 7041 as] HOSS At HU32 G 
(52S R27 6441 1038 H33S8 130 H20S 154 CO54 140 
1958 scale,* T,—-Tss in millidegrees 
L5 SE 4s BS $7 32 4 4 

() Hy ie | ty ee = $ +t) S 
1 9 11 +60 +5.3 $5 $5 +57. 2 
2 2 0.9 s.0 +6, 7 ‘ +47.7 
3 7 7 Ss, ¢ +7.9 ‘ +38. 4 
t 13 ie iar Sif 5 Q 4 Loy 4 
5 +14 $ +2 +® Y 58 s 1.91.0 
6 > Ae 1 +8. 7 +40 675 5. +13, 2 
7 24 ) SH +8 6) 4S 18 +), 2 
x 39 0 Meri 75 3.4 3.4 0.1 
q 5 2 | +66 6.3 2.6 2.6 4 
if) , Ad 0 +-4 7 OU “4 Wb 
| 2.4 4 2.6 +2. +1.2 +1.2 12.7 
2 ee t +0) +1.) $3.7 3.7 14.6 
3 0 10 j 0.5 +66 +66 15.3 
j 4 1.4 +.Y 10.0 +1000 14.6 
15 1 +408 +14.0 +14.0 -12.4 

t ise re | ae +185 +185 8S 
| | 2s 11.9 +23. 6 4 (i » a | 
s 0.9 42 15.8 29 3 + 3 +30 
v 2 $7 +18. 6 +35, 7 + 7 M4 
( lee, 11 +19 0 +42 6 12 4 +20. 8 
l +3. 7 4 15.8 +32. 1 
2 3 rf) 6.5 45.0 
Defined by the first of eq (6) Cn p. 360f Leiden Comm. No, 202c (Keesom, 


Veber, and Schmidt) and by the equation on p. 8 of Leiden Comm. No 


2192 (Keesom T32 and 7 are thus identical above the lambda point 
These two equations are discontinuous by about 0.008° at 2.190° K and 
this fact was noted by Keesom (Leiden Comm. Suppl. 71d 

Defined by Tx» together with curves in figure 1 of Leiden Comm. No, 250c 


(Schmidt and Keesom Differences hetween 73; and Ty were deter 
mined directly from figure 1 with sufficient precision to determine dif 
ferences between 75s and 74; to 0.1 millidegree. 

Defined by eq (9) and curve of figure 4, p. 1212 of Trans. Faraday 
35 (Bleaney and Simon, 1939). Part, or al!, of this scale is sometimes 
referred to as 7 In order to obtein differences between this scale 
ind 7Tss, pressures were calculated from the equation and curve with 
ulficient precision to yield differences to 0.1 millidegree 
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TaB_e VII 


Defined by tables I and IT on pages T1538 to T159 and by second equation 
on p. 1152 of Procés-Verbaux des séances du Comité International des 
Poids et Mesures 23B, T7151 (1952). Values given in the table were 
obtained in the following ways. First, values of the difference between 
this scale and the 1958 scale were calculated at every 0.01° interval be- 
tween 0.95° and 4.25° kK from data of table IT on pp. T158 and T159 
Che tabulated values from 1.0° through 4.2° kK were then obtained by 
averaging the calculated differences between T—0.05° and T-+-0.05°, with 
weights of ly assigned to the values at 7'—0.05° and 7'+-0.05° and unit 
veights to all values at intermediate temperatures. For example, the 
tabulated value at 2.0° Kk is actually 1/20 of the sum of the differences at 

45° and 2.05° plus 1/10 of the sum of the differences at 1.96°, 1.97°, 1.98°, 


1.49°, 2.00°, 2.01°, 2.02°, 2.03°, and 2.04° kK, The tabulated values at 
T°, O°, and 0.9° K were obtained by calculating the pressure corre- 
ponding to each 0.01° interval between 0.65° and 0.95° K from the data 


nop. [153 of table I and averaging the results in the manner just de- 
cribed At 4.3° K and above, the tabulated values were obtained 
lirectly from the equation given on p. T1152. Tables and equation have 
been published also by C. F. Squire, Low temperature physics, pp. 229 
to 233 and p. 26 (MeGraw-Hill Book Co., Inc., New York, N.Y., 1953). 

Defined by the unnumbered equations on p. 188, Low temperature physics 
rnd chemistry (Clement), Proc. Fifth Intern. Conf. (Univ. of Wisconsin 
Press, Madison, Wis., 1958). Values of vapor pressure in millimeters 
mercury at 20° C were calculated by the computer at the U.S. Naval 
Research Laboratory (the NAREC) and values in millimeters mercury 
it O° © were calculated by the computer at Los Alamos Scientific Labo- 

tory (the MANIAC). The MANIAC ealculation was used for ob- 
taining the values in the table. 

Defined by table VII on p. 461, Progress in low temperature physics (Van 
Dijk and Durieux), (North-Holland Publishing Co., Amsterdam, 
Netherlands, 1957). Values below 0.9° K were obtained from the 
tables mentioned in section 23 of the reference. Table VII mentioned 
ibove is the same as table V published in Physica 24, 1 (1958) and in 
Leiden Comm, Suppl. 113e. 


Auxiliary table for use in making corrections for 
density of mercury at temperatures other than O° C4 


fable gives values of the ratio between the density of mercury at the indicated 


emperature C) and that at 0° ¢ 
( ] 2 5 4 ' 7 s 4 
. YOSTS SOO 7R2 TOA 746 728 710 HO2 674 655 
Q4637 oly HOl 5SS 5H 547 529 511 443 475 
QU457 4344 421 403 385 367 349 331 313 295 


Smithsonian Physical Tables, Ninth Revised Ed., edited by W. E. Forsythe, 
143 (The Smithsonian Inst., Washington, D.C., 1954 
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Equation for Computing Local Acceleration Due to 
Gravity |” 


Most frequently the vapor pressure is measured 
as a distance between two mercury levels. After 
corrections for capillarity and for the temperature 
of the mercury and the scale have been applied, 
the height, 4, has to be reduced to standard gravity. 
The reduced height, ho, can be computed from 
hy -hy/980.665. If the local value of g is unknown, 
it may be computed with sufficient accuracy for 
correcting the height of a mercury column from 


g= 980.632 —2.586 cos 26+0.003 cos 46 
—().0003086 H 


where ¢ is the local latitude and H/ the local altitude 
in meters. The unit of g is cm/sec’. 





Procés-Verbaux des séanees du Comité International des Poids et Mesures 
22, pp. 96 to 98, 114 to 118, 129 to 184 (1950). 
2G. D. Garland, pp. 221, 222, Kar] Jung, p. 564, Handbuch der Physik edited 
by J. Bartels 47, (Springer-Verlag, Berlin, 1956 


Wasuinaton, D.C. (Paper 6441-25) 





JOURNAL OF RESEARCH of the National Bureau of Standards—A. Physics and Chemistry 
Vol. 64, No. 1, January-February 1960 


Energy Levels and Spectrum of Neutral Helium (“He1) 
William C. Martin 


(August 24, 1959) 


A table of energy levels based on the most accurate observations now available is given 


for the neutral 4He atom. 


The wavelengths contained in a revised list of 4He1r lines from 


320 A to 21132 A are also based on the best measurements, over half of them having been 


calculated from the wavenumber separations of appropriate levels. 
disturbing features of the ‘He term scheme are obviated by the revised level values. 


Several previously 
Ina 


discussion of the experimental results for this spectrum some comparisons with theory are 


made. 


1. Introduction 


It seems important that an up-to-date helium line 
list and a table of revised energy levels be made 
generally available. The use of heltum in many 
kinds of spectroscopic sources, in studies of electrical 
discharge mechanisms and of plasma conditions, and 
the importance of helium m astrophysics combine 
to make Her one of the spectra most frequently 
observed. The most recent essentially complete 
compilation of helium wavelengths, contained im A 
Multiplet Table of Astrophysical Interest and An 
Ultraviolet Multiplet Table \\],! appeared in 1945 and 
1950. Although these lists have advantages over 
earlier compilations [2, 3] in having line classifica- 
tions in modern notation and contaiming more recent 
wavelength values, improved measurements of many 
He 1 lines have been made since they were published, 
The most notable of these are probably Herzberg’s 
[4] recent observations, which have decreased the 
uncertainty in the connection between the ground 
state and the higher levels about one hundredfold. 
His measurements, combined with others made since 
the publication of volume 1 of Atomic Energy Levels 
[5], have led to the present complete revision of the 
Her level values. These new level values allow the 


calculation of helium wavelengths which, for over 


half the known lines, are believed to be more accurate 
than the available observed wavelengths. 

In pointing out the need for the present revision of 
the Hei level values, it may be well to emphasize 
the special place of two-electron atoms in atomic 
theory. Since these are the simplest atoms for which 
exact calculations in either nonrelativistic or Dirac’s 
relativistic wave mechanics cannot at present be 
made, they furnish excellent testing grounds for the 
various approximation methods of quantum mech- 
anics and theories of the interaction between elec- 
trons. Indeed, until the recent beautiful measure- 
ments by Herzberg [4] the theoretically predicted 
ground-state energy of helium was more accurate 
than the experimental determination. The fact that 
Herzberg was able to verify field theory (Lamb) 
effects in two two-electron atoms (‘He and *He) 





1 Figures in brackets indicate the literature references on pages 22 and 23. 





| scope [3]. 
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illustrates the importance of maintaining as accurate 
data on the helium-type atoms as contemporary 
experimental techniques allow. 

Naturally, the present discussion of experimental 
results will stress the more recent observations. The 
references are mainly to work done since the appear- 
ance of volume VII of the Handbuch der Spectro- 
Since the article on helium in that superb 
work contains a practically complete list of references 
through 1927, it and this paper together furnish a 
guide to the principal experimental energy level de- 
terminations for ‘He r to date. 

No attempt has been made in this paper to deal 
with the interesting and important *He1 spectrum. 
Because of the large percentage mass difference of 
“He and ‘He and because *He has a nonzero 
nuclear magnetic moment giving rise to hyperfine 
structure, the “He 1 spectrum differs in detail a good 
deal from *Her. A reasonably comprehensive article 
on the experimental results for “He 1 would be about 
as long as this one. Perhaps one of the investigators 
of that spectrum will supply such an article. 


2. Spectrum 


Except for a few normally very weak ‘“forbidden” 
lines, table 1 contains wavelengths for all He 1 lines 
which have been observed in the laboratory. It has 
already been mentioned that well over half these 
wavelengths were calculated from newly-derived 
energy level values (see the following section). In 
the first column of the table, opposite each calculated 
wavelength, appears a svmbol denoting the source of 
what is probably the most accurate measurement of 
the line. The symbol in the second column gives 
the actual source of each wavelength in the table. 
The meanings of the symbols are given in the ap- 
pendix following the table. 

The wavelengths of the vacuum ultraviolet lines 
were calculated from adopted level values except 
for the line at 320.392 A. Wu [6] has made a con- 
vincing argument for assigning this line to the 
transition give in the table. Edlén’s [7] suggested 
classification, 1s2s °S—2s2p °P°, is open to objection 
since the upper term is subject to autoionization into 
the *P° continuum above the ls >p series limit. A 








weaker line observed by Kruger [8] at 357.507 A has 
been the subject. of speculation by Kruger himself 
and by Wu [6] and Holgien [9]. These last two 
authors find that none of the suggested transitions 
satisfactorily accounts for both the position and 
width of the line. For this reason it not listed 
here. (Both Wu and Holgien incorrectly state that 
Compton and Boyce observed this line.) 

The original investigation of the helium spectrum 
in the vacuum ultraviolet was made by Lyman {11}, 
who discovered the resonance series and the inter- 


Is 


combination line 591] A. Suga [12] has obtained the 
resonance series 1s? 4Sp—np!P°,; to n—15, as well as 
the forbidden tr ansitions 1s?4S,—ns'Sp to n=7, 
ls?1S,—2p, 3p °P°,, and 1s?'4S)—3d'D.. Bomke 


members of these 


[13] had earlier found the lower 
the older 


forbidden series. The most accurate of 
measurements of the Her spectrum in the vacuum 
ultraviolet were those of Hopfield [14], of Kruger 
(as given by Paschen [15]), and of Boyce (measure- 
ments of the lines 584 A and 537 A given by Boyce 
and Robinson [16]). crpgening calculated the best 
absolute value for 1s? as 198307.9 em! from 
Kruger’s seat From this adopted value 
for the ground term he then calculated wavelengths 
for the 1s?'S)--np'P®°, series to n=12. Using this 
procedure, which is essentially that followed here, 
Boyvee and Robinson [16] obtained from Bovyce’s 


measurements of the lines 584 A and 537 A what 
were undoubtedly the best values for the higher 
resonance lines previous to this paper. They are 


systematically below the wavelengths in table 1 by 
only 0.004 to 0.005 A. 

The earlier wavelength measurements made in the 
vacuum ultraviolet region are, of course, superseded 
by the work of Herzberg [4] and by the values in 
table 1 based on his work. Herzberg conservatively 
estimated the uncertainty in his measurements of 
the lines at 584, 591, and 537 A to be 0.0005 A. 

The intensities for the vacuum ultraviolet lines im 
table 1 are based on those given by Hopfield [14], 
Compton and Boyce [10], and Kruger [8]. The 
spectrograms published by Suga [12] were used in 
un attempt to put these values on a consistent 
scale. It should be remembered that the relative 
intensities of these lines are very strongly dependent 
on the excitation conditions. For most sources, the 
decreases in the intensities of the higher series mem- 
bers relative to the lowest member would be much 
sharper than is indicated in table 1. The intensities 
and, indeed, the appearance or nonappearance of the 
forbidden lines are especially affected by source 
conditions. 

Care has been taken to assure that the wavelengths 
given for lines in the air region should also be the 
best values now available. Almost all of the 192 
lines given for this region have been observed, but 
wavelengths calculated from adopted level differ- 
ences are considered more accurate than observed 
values for about half of these. Most of the wave- 
lengths which are taken directly from observation 
also correspond exactly to the level differences in- 
volved, since they were used to determine these dif- 
ferences. Besides the 100 calculated air wavelengths, 


the table includes 27 other new air values; these are 
mostly either unpublished measurements by Shen- 
stone [17] or weighted averages from the literature, 
The wavenumbers given for some of the calculated 
lines and for several lines which are averages from 
observations do not agree in the last significant fig- 
ure with the wavenumbers whieh would be obtained 
by applying the Edlén conversion formula to. the 
corresponding wavelengths in table 1. In these cases 
it is the warenumber which is the primary adopted 
quantity, and the wavelength is taken from the Edlén 


formula to the number of figures regarded as 
signiffeant. 
Ouly two “forbidden” lines in the air region are 


viven in table These are measurements by Herz- 
berg [4] of the intercombinations used to determine 
the relative positions of the singlet and triplet: svs- 
tems. In addition to other intercombination lines, 
humerous transitions violating the electric-dipole- 
radiation parityv-change rule bave been found near 
the strong allowed lines. The observations of 
Jacquinot [18] indicate that the forbidden lines are 
usually than one-thousandth the strength of 
the corresponding allowed lines. If the need occurs, 
their wavelengths can be computed from the corre- 
sponding energy level differences. 

Normally unobserved forbidden transitions in 
helium appear quite readily when the radiating gas 
in a strong electric field. Investigations of the 
Stark effeet in| Het probably culminated in’ the 
beautiful work of Foster [19, 20], whose papers the 

eader may consult for other references. 

Most investigations of the Zeeman effect in Het 
carried out in the last 30 vears ago been concerned 
with forbidden lines. The work of J. Brochard and 


less 


is 


P. Jacquinot [21] is rather comprehensive. A note- 

worthy achievement is the determination of the 

q-value for 2s°*S; to an accuracy of 1 ppm by Drake 
| et al. [22] using microwave techniques. 
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The quantitative intensity measurements of Cross- 
white and Dieke [23] show striking changes in the 


relative intensities of various helium lines” when 
only the gas pressure Is changed. As in the vacuum 
ultraviolet: region, the intensities given for lines 


above 2615 Aare not valid for all commonly occurring 
excitation conditions. 

C. J. Humphreys [24] has very kindly furnished 
unpublished quantitative intensity measurements 
for the infrared region beyond 10912 A. His source 
was an electrodeless tube filled to 3.5 mm (Hg), and 
care) was taken to obtain precise intensities. 
Humphreys states that the intensity of the triplet 


at 10830 A is 5 to 10 times that of the singlet line 
at 20581 A which has tensity 20850 on his seale. 


Since this intensity ratio would not be much different 
at the pressure (7.5 mm) at which Crosswhite and 
Dieke [23] obtained an intensity of 105,000 for the 
10830 triplet, it seems that these observers have used 
very nearly the same scale. 

It is hoped that the intensities given in table 1 for 
lines from 2644 to 21132 A are on this reasonably 
consistent scale with the relative intensities of the 
stronger lines being useful for most sources oper- 
ating at a few millimeters (Hg) pressure of helium, 


(The intensities of the weaker lines are especially 
nn ea on excitation conditions other than 
pressure, In addition to the article of Crosswhite 
and pits, almost every paper referred to here 
which gives intensities mn the region 2644 to 10912 A 
has been consulted. The imtensities in this region 
are also based in part on observations made at NBS. 


3. Energy Levels 
square array has been made for the ‘He 1 


The first step in obtaining revised energy 
value 0.00 for the 1s? 'S, 


A new 
spectrum. 
level values (based on the 
ground state) was to fix the 2p*P;—2p'P, and 
2p'P;—Sp'P) separations. Herzberg [4] observed 
the vacuum ultraviolet transitions from each of these 
three odd levels to the ground state with an accuracy 
of + 0.0005 A at 500 to 600 A. From the best values 
for these separations as determined by the relevant 
observations in the air region, and from Herzberg’s 
wavenumbers for the vacuum ultraviolet lines, the 
positions of 2p °P), 2p 'P), and 8p 'P; were fixed as 
given in table 2. With the ground state thus deter- 
mined relative to the other energy levels, new values 
for all levels have been calculated from the best avail- 
able measurements. The relative positions of the 
singlet and triplet systems are based primarily on 
Herzberg’s measurements of the intercombination 
lines 2p 'P}—-3d #Dy (6679.683 A) and 2p °P}—3d'D, 
(5874.463 A). The resulting positions give good 
agreement with Mlle. Pilon’s measurement [25] of the 
3¢ °D 3d 'D separation, and it is unlikely that the 
intersystem connection is in error by more than 0.02 
em. A recent unpublished interferometric meas- 
ment of 2s 'Sy—2p!P) (4857.454 em!) has” been 
combined with the average of two recent interfero- 
metric determinations of 2s'S=— 3p 'P) to obtain 
the 2p'P,; 3p 'P) separation. Since these measure- 
ments (the sources of which are given in table 1) are 
much more accurate than any other pair determining 
this separation, its value is based entirely on them. 
The positions of the higher terms relative to the 
ground state have been taken so that subtraction of 


the resulting level values for 2p °%P), 2p'P), and 
3p'P) from the corresponding “observed” values of 
Herzberg vields, respectively, —0.11, +0.04, and 
~O.11 emo'. Herzberg’s estimated uncertainty in 
the wavenumbers of the observed lines is -+-0.15 
ecm 


The measurements used here to determine the re- 
solved fine structure intervals deserve some discus- 
sion, since all of these have been improved in the 
last few vears. The 2p °P)}—2p *Po splitting is taken 
from the paper of Broe an rd et al. [26], while the much 
smaller 2p °P,—2p°P, interval a conversion to 
wavenumbers of the microwave frequency measure- 
ments by Wieder and Lamb [27]. (This last meas- 
urement gave the 2-1 splitting to a higher accuracy 
than is shown in the present table for those who 
may need os aes “uracy the result of Wieder and 
Lamb Po —2p ®P?}=2291.72+0.36 Me/see.) 
In 1929 he Pd sn gave the 3p°P° intervals as 
2—1=0.02 cm™ 00.27 em-'. He had not 


hand | 
resolved the smaller separation, but guessed at it 


is 


is 


| 


from the analogy with the 2p%P° term and_ his 
measurement of the 3p °Ps,,—*P > splitting. At the 
time the first volume of AE L. [5] appeared, it was 
thought that Houston’s measurements had been 
superseded by those of Gibbs and Kruger [29]. 
These latter observers found the 3p °P3— 3p 3P} and 
3p ®P}—3p ®P, intervals to be 0.165 and 0.192 em, 
respectively. These results proved in disagreement 
with theoretical e xpectations [30], which confirmed 
Houston’s assumption that the ratio of np®P3— 
np *P) to np ®P}—np*P% should be roughly inde- 
pendent of vn. However, only in 1951 did Fred et al. 
[31] point out that the intervals of Gibbs and Kruger 
were spurious. The error was apparently caused by 
self-reversal in the strong unresolved line at 3888 A, 
which arises from the Ds “S,—3p °P3,, transitions. 
Bradley and Kuhn [32] and Brochard et al. [33] also 
obtained results in essential agreement with the early 
work of Houston. Brochard et al. [33] first resolved 
the 3p °P,—3p %P; splitting, and in 1957 they im- 
proved their accuracy [26]. The results of their op- 
tical measurements are in excellent agreement with 
the 3p °P° intervals given in table 2, which are taken 
from the verv accurate microwave observations by 
Wieder and Lamb [27]. The 2p and 3p triplet levels 
are given to four decimal places in table 2 in order to 
exhibit the accurately known term intervals. The 
inter-term separations are, of course, not known to 
this accuracy. 

Note added in proof: The results of very recent high-accu- 
racy measurements of the 2p3P° intervals in Her are given 
in reference [38]. 

Theoretical calculations of np *P° fine structures 
in Her have been made by Breit [84] and Araki [30]. 
A more approximate, but simpler, treatment given 
in the article of Bethe and Salpeter [85] predicts that 
the splitting is independent of n except for an overall 
multiplving factor of n~*. This result holds for any 
series of terms in a helium-like atom. How well 
this approximation is obeved in the 2p and 3p triplets 
of ‘He tmay be seen from table 3. The fine structure 


measurements by Brochard et al. [26] vield the 
results shown in table 4 for the 3d3D and 4d’D 
terms. The quite small *D,;—*Dz intervals (0.0030 + 


‘for 3d, and 0.0018+0.001 for 4d) are not 
enough measured to check on the con- 
staney of the interval ratio given in the table, and 
the values given can only be taken as indicative. 
Brochard et al. [26] compare their observations of 


0.0008 ¢m 
accurately 


all the known *He 1 fine-structure intervals with the 


21 


results of various theoretical calculations 

The new positions given in table 2 for the 4f 'F° 
and 4f °F° terms are based primarily on Mlle. Pilon’s 
poe ya nts [25] of the 4d'D—4f 'F° and 4d *D— 

3F° separations. To a lesser extent they are also 
1 a on the measurements by C. J. Humphreys and 
H. J. Kostkowski [36] of the infrared transitions 
from the 4f terms to 3d terms. The agreement is 
within the expected error of Humphreys and Kost- 
kowski, and the 5f terms positions given here are 
based entirely on their measurements. 

In his investigations of the Stark effect in He 1 
J.S. Foster [19] observed transitions to the 2p 'P® 
level from terms of every possible L-value belonging 








to the configurations 1s 5/, 6/, and 7/. Since his 
measurements were made in rather strong electric 
fields, they cannot be used directly to obtain un- 
perturbed energy levels. From a comparison of 
Foster’s estimated wavelengths for certain transi- 
tions at zero field with those calculated from the 6f 
and 7f term values in table 2, it appears that his 
wavelengths are probably systematically slightly in 
error. However, approximate term values have been 
obtained from Foster’s work by using his measured 
separations of the lines in a group 2p 'P§—nl*'L from 
one of these lines whose zero-field wavenumber was 
known. These separations could be corrected to 
zero-field strength by comparing Foster’s nd 'D 
np'P® separation with the known zero-field separa- | 
tion of these levels for each n. The term positions 
were also based on values found from plotting the very 
regular Rydberg denominators, particularly in the 
case of the 7/ terms. In this manner the positions 
of terms belonging to the 5g, 6g, 6h, 7g, and 7h con- 
figurations have been calculated and included in | 
table 2. 
New level values based on recent improved series 
measurements and the accurate connection between 
the singlet and triplet systems have obviated several 
features of the He-atom energy level scheme which 
were previously disturbing. The best previous list 
of helium energy levels (AEL [5], vol. 1), following 
Paschen-Gétze, had the nf singlet series members 
falling below the corresponding triplets from n—5 
on. (Indeed, Humphreys and Kostkowski [36] listed 
both 4f'F° and 5f'F° slightly below the correspond- 
ing °F° terms on the basis of their improved measure- 
ments in the infrared—however, they also assumed 





the old Paschen-Gétze  singlet-triplet connection 
based on series limit determinations.) Similarly, | 


the earlier data indicated that the nd !D series crossed 
over and fell below the nd *D series at n=9. It is 
now clear that this puzzling behavior was not real. 
Shenstone’s much improved measurements [17] of 
the nd triplet and singlet series from 8d on showed 
that the apparent crossing-over of those series at 9d 
was due to inaccurate observations. His measure- 
ments were essentially confirmed and the singlet 
series extended to 18d by Herzberg [4]. The new 
connection between the singlet and triplet svstems, 
which raises the singlet system about 0.10 em”! rela- 
tive to the triplets, has removed the slight crossing- 
over at 13d which remained after Shenstone’s work. 
This accurate connection is also mainly responsible 
for rendering the nf series quite regular with the 
singlets probably slightly above the triplets. The 
observations are, however, not sufficiently accurate | 
above 4f to fix the relative positions of the terms. 
One can say, however, that bevond if the 'F° terms 
are probably not separated from the corresponding 
°F° terms by more than 0.1 ¢m™!. 

The energies for members of the series np 'P° from 
11p on are taken from a series formula.  Paschen 
and G6tze apparently thought this method would 
give better values than any measurements available 
to them; since there have been no new observations, 
the series has been recalculated to 20p. Higher 
members of the “P° series were obtained by con- | 
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verting wavelengths from Paschen-G6tze to vacuum 
wavenumbers according to Edlén’s tables. Several 
numerical errors occurring in Paschen-Gétze have 
been corrected. 

Combining the limits obtained by Herzberg [4] for 
three separate series with energies for the three 
appropriate fixed terms from the new array yields 
the following values for the ionization energy of 
helium: 


nf *F°: 


186101.65 em !4 12209.20 
198310. 85 em7!: 


nd *D: 

2p >P°, ,+limit = 169086.89 em7!+-29223.90 em7!= 
198310. 79 cm7!; 

from the series 2p nd 'Dz: 


171135.00 em !+27 
198310. 78 em.7!, 


From the series 23d 3p 


3d 2D + limit 


cm7!= 


from the series 2p °P°s,; 


ae 


2p 'P°,-+limit 175.78 em! 


The average of these values, 198310.81 em7?, is in 
excellent agreement with the experimental ionization 
energy of *He adopted by Herzberg in his paper, 
198310.82+0.15 em 7!. The spread in the three 
values obtained here is reduced from that obtained 
by Herzberg, no doubt because the available data 
have already been averaged once in obtaining values 
for the fixed term of each series. 

In conelusion, it might be mentioned that the 
excellent article by Bethe and Salpeter [35] on the 
theory of one- and two-electron atoms gives numer- 
ous references to theoretical work on helium-like 
atoms through 1956. The informative paper by 
Bengt Edlén [37] on experimental results for the 
Her isoelectronic sequence will also prove helpful 
to those interested in two-electron atoms. 


Charlotte E. Moore has made available the ex- 
tensive files of spectroscopic literature kept by her 
in this laboratory. She has also been of much as- 
sistance in deciding on matters of notation and 
format. The author expresses his gratitude for her 
support in this work. 

Prof. A. G. Shenstone of Princeton, Dr. G. Herz- 
berg of the National Research Council in Ottawa, 
and Dr. C. J. Humphreys of the U.S. Naval Ord- 
nance Laboratory, Corona, Calif., have supplied 
unpublished data on the helium = spectrum. The 
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Wavelengths and classifications for the lines of the *He 1 spectrum 


of the symbols in the first two columns will be understood from the discussion in the text ane the explanations given at oe end of this table. 


Classification 


em! 


10 312118. 1s 2p3P° — 2p?3P 
2 197823. 91 1s? 1S) —15p'P; 
3 | 197751. 94 1s? 1Spo 14p 'P} 
1 197662. 75 1s? 1Sp 13p 1P3 
5 | 197550. 36 1s? 1S 12p P37 
7 | 197405. 99 1s? 1S Llp Pi 

10 | 197216. 24 1s? So 10p ' Pi 

15 | 196959. 79 1s? So 9p 'FE 

20 | 196601. 51 1s? 1Sp - 8p 'P3 

25 | 196079. 24 1s? Spo - Tp 'P§ 

195979. 04 Ls? So - Ts 'Spo 

35 | 195275. 04 1s? 'So 6p 1Fj 

195115. 00 1s? 1So 6s 'So 

50 | 193942. 57 1s? 1So 5p 1F i 
193663. 63 1s? 1So 5s So 

80 | 191492. 82 1s? 1S, tp IF 
: 190940. 33 1s? So 4s So 
200 186209. 47 1s?1S) — 3p 3Pe 
186105. 06 1s? 'Sp 3d 'Dy 
185564. 68 1s? 1Sp 3p 3Pi 
184864. 94 1s? So 3s So 

500) 171135. 00 1s?1S) — 2p 'F? 
20 169086. 94 Ls? So 2p 3P3 
166277. 55 1s? 1S 2s 1So 
38226, 82 2s 38, —22p 3P° 

38204. 51 2s 38, 2hp sk" 

38178. 73 2s 38; 20p ?P° 

38148. 78 2s 38, 19p 3P° 

38113. 68 2s 38, —18p 3P° 

: 38072. 19 2s 38, kip eP 
38022. 62 2s 38, 16p 3P° 

37962. 76 2s 38, —15p °P° 
37889.58 | 2s 38, —14p 3P° 

2 37798. 76 2s 38, kop: 3P* 





TABLE 1. Wavelengths and classifications for the lines of the *He 1 spectrum Continued 


The meanings of the symbols in the first two columns will be understood from the discussion in th 


Observer 


d (air) Intensity emo! Classification 
| 2 
P-G 2652. S48 3 37684. 12 2s 38, 12p 3P 
P-G 2663. 271 | 37536. 65 Ys 38, llp 3P 
P-G 2677. 135 °D 37342, 27 28 5S; 10p 3P 
P-—G 2696. 119 7 37079. 35 2s 38, 9p 3P 
P—G 2723. 19 10 SOTLO. 75 2s 38, Sp 3P 
P-G C 2763. SOA 20 SGO171. 33 Ys 38, ip °P 
P-G C 2829. O76 10 35336. S84 2s 38 6p >P 
Me 2945. 106 100 33944. 71 2s °8,; pp ok 
P—G CS 3147. 779 31759. 24 2s ISo 20p 'P; 
P—G CS 3150. 713 31729. 66 2s 1S 19p IP; 
P—-G CS 3154. 156 31695. 03 2s 1S [Sp IP; 
P-G CS 3158. 234 31654. LO 2s ISpo 17p 'P; 
P-—G CS 3163. 114 31605. 27 2s 18> 16p IPy 
P—G CS 3169. 021 31546. 36 2s 'So lip 'Py 
P-G CS 3176. 267 31474. 39 2s IS, l4p 'P; 
P—G? CS 3185. 295 31385. 20 2s IS 3p ' Pj 
Me 3187. 745 200 31361. OF 28 =D, 1p 3P 
P-G CS 3196. 742 2 31272. 81 2s ISo 12p 'P; 
P—-G CS 3211. 568 2 31128. 44 2s 150 lip IP; 
P-G 3231. 266 ; 30938. 69 2s 18, 1Op I P§ 
P-G 3258. 275 5 30682. 24 2s ISpo Yp IP; 
P-G & 3296. 773 7 30323. 96 2s 1S Sp 'Pj 
P—G ( 3354. 550 10 29801. 69 2s 1S 7p 'P; 
P—G C 3447. S86 15 28997. 49 2s 'So 6p ' Pi 
P-G 3450. 22 28975. 4 2p 3P3 ;—21d 3D 
P-G 3453. 21 28950. 5 2p 3P3 ,—20d 3D 
Hz 3456. 841 28919. 86 2p 3P3 ,—19d 3D 
Hz 3461. 000 28885. 11 2p *P3 ,—18d *D 
Hz* 3465. 925 28844. 07 2p 3P3 ;—17d 3D 
Sh 3467. 539 28830. 64 2p *P3 ,—17s 38, 
Hz C 3471. S18 28795. 11 2p =P 16d 31 
, . ot 296090. =p | ” ) 
Hz c 3471. 948 28794. O7 2p 3P3 l6d 3D, 
Sh 3473. 764 28778. 98 2p *P3 ,—-1fs 38, 
Hz Cc 3478. 957 2 28736. 02 2p *P3 ,—15d *D 
Hz @; 3479. O83 28734. 98 2p 3P5§ l5d 3D, 
Sh 3481. 355 28716. 23 2p 3P3,—15s 38, 
Hz C 3487. 723 2 28663. 80 2p *P3 ,—14d *D 
Hz & 3487. 850 28662. 76 2p 3Ps l4d 3—D 
Sh 3490. 685 28639. 48 2p *P3 ,—14s 48; 
Hz C 3498. 645 3 28574. 32 2p *P3 .,—13d *D 
Hz & 3498. 772 28573. 28 2p 3P5 I3d 3D 
Sh 3902. 379 2 28543. 86 2p 3P3 ;—13s 35, 
Hz C 3012. 512 ! 28461. 52 2p 3P3 ,—12d 7D 
Hz 6 3912. 640 28460. 48 2p 3P5 12d 31, 
Sh BOLT. 317 4 28422. 63 2p 3P3 12s *S 
Hz C 3530. 491 5 28316. 58 2n *P ltd *D 
4 : ’ Je i : . 20° ie =p ’ ( 
Hz ( 3530. 621 28315. 54 2p 3P§ —1 1d 3D, 
Sh 3536. 809 3 28266. O00 2p *P3,——I1s 35, 
Hz 3554. 415 7 28125. 99 2p 3P3.,—10d *D 
Hz & 3554. 547 28124. 95 2p 3P5 10/7 3D, 
Sh 3562. 979 1 28058. 39 2p 3P3 ,—10s 38, 
Hz 3987. 270 10 27868. 39 2p *P3,— 9d *D 
Hz ( 3587. 405 Z 27867. 35 2p 3P5 Qi 37), 
a Sh 3599. 314 5 27775. 15 2p 3P3,—- Ys 38, 
I G ( 3599. 448 2 2iade. 13 2p Ps Ys Si 
Me 3613. 643 30 27665. 02 2s 1S, 5p UP: 
P-G C 3634. 232 15 27508. 29 2p 3P 81 31) 
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the text and the explanations given at the end 


Continued 


TABLE 1. Wavelengths and classifications for the lines of the *He 1 spectrum 


in the first two columns will be understood from the discussion in the text and the explanations given at the end of this table. 


The meanings of the symbols 


Observer 


d (air) Intensity ema! Classification 
l 2 

PG C 3634. 369 2 21507. 25 2p °F5 8d 3D, 
Sh 3651. 990 7 27374. 53 2p 3P3. 8s 38; 

P-G C 3652. 130 2 27373. 49 2p 3P5 8s 38; 
Me 3705. O05 30 26982. 84 2p 3P3. 7d 3D 

P-G C 3705. 148 3 26981. 80 2p 3P3 7a 3D, 
Hz otzcor L330 26837. 07 2p 'P; 18d 1D, 

Hz 3730. 839 26796. 00 2p 1P; 17d 1D, 

P—G C 3732. 865 10 26781. 46 2p 3P3 7s 38, 
P—G C 3733. O10 3 26780. 42 2p 3P§ 7s 38, 
Hz 3737. 674 G 26747. O1 2p 'P3 16d 1D, 

Hz, Sh 3745. 943 26687. 96 2p 1Pe —15d 1D, 

Sh 3747. 208 26678. 95 2p 'Ps 15s 1So 

Hz, Sh 3756. 107 26615. 75 2p 'P; l4d 1D, 

Sh 3757. 670 26604. 67 2p 'P; 14s 18> 

Hz, Sh 3768. 784 2 26526. 22 2p 'Fs 13d 1D, 

Sh 3770. 751 26512. 38 2p 'P3 13s 1Sp 

Hz, Sh 3784. 862 2 26413. 54 2p 'Pj 12d 1D, 

Sh 3787. 424 26395. 68 2p 'P3 12s 18 

Hz, Sh 3805. 740 3 26268. 64 2p 'P; lid 'D, 

CS 3809. 105 26245. 44 2p iP; Lis 1Sp 

Mt 3819. 6072 100 26173. 275 2p 3P3 6d 3D 

P—-G 3819. 758 10 26172. 239 2p 3P5 6d 3D, 
Hz, Sh 3833. 554 } 26078. 06 2p 'P;5 10d 1D, 

Sh 3838. 100 Z 26047. 17 2p 1P; 10s 1Sp 

P—G & 3867. 475 30 25849. 34 2p 3P3 6s 38; 
POG G 3867. 630 5 25848. 30 2p 3P5 Gs 38, 
Hz 3871. 791 5 25820. 52 2p 'P; 9d 1D, 

Sh 3878. 181 a 25777. 98 2p 'F; 9s 1S 

Me 3888. 648 10000 25708. 594 2s 38, 3p 3P3 

PG C 3926. 534 7 25460. 54 2p 'P; 8d 1D, 
Sh 3935. 912 4 25399. 88 2p 'P; Ss So 

Mi 3964. 7289 200 20210; 201 2s IS» tp IPF 

P—G G 1009, 268 10 24935. 16 2p PF; 7d ‘Dz 
PG 1023. 973 5 24844. 04 2p 'P; 7s 'So 

Mt 4026. 1912 500 24830. 353 2p 3P3 5d 3D 

P-G ( 1026. 359 50 | 24829.317 | 2p 3P% bd 8D, 
Mt 4120. 815 120 24260. 197 2p 3F3 9s 38, 

P—G C $120. 992 15 24259. 161 2p 3Pé 5s 38, 
Me $145. 761 30 24125. 86 2p 'P; 6d IDs 

Of 1168. 967 5 23980. 00 2p 'P; - 6s 1So 

Mt 1387. 9294 100 22783. 391 2p 'P; 5d 'D, 

Me $437. 551 30 22528. 627 2p 'P3 5s 'So 

Mt, Pé 1471. 479 2000 22357. 692 2p 3P3 , td 313 

P-G ( $471. 682 250 22356. 676 2p 3P5 td 31), 
Mt $713. 1455 300 21211. 318 2p 3F3 ts 38, 

P-G & 4713. 376 10 21210. 282 2p 3F5 ts 38, 
Mt 4921. 9310 200 20311. 559 2p 'F; td 1D, 

Mt, Se-I 5015. 6779 1000 19931. 925 2s 'So 3p IPF 

Me 047. 738 100 19805. 331 2p 'Pi ts So 

Hz 874. 463 17018. 116 2p 3F i 3d 3D» 
Pé, Me 875. 621 15000 17014. 760 2p 3Fs 3d 3D3 » 

PG C 5875. 966 2000 17013. 763 2p 3P3 3d 3D, 
Pé, Me 6678. 151 2000 14970. O71 2p 'P; 3d 1De 

Hz 6679. 683 14966. 637 2p 'P3 3d 3D» 

Me 7065. 190 5000 14150. 000 2p 3P3 3s 38, 

Of C 7065. 707 600 14148. 964 2p 3P§ 3s 38; 
Me, Of 7281. 349 1000 13729. 936 2p 'P; 3s So 

P-Ri & 7816.15 10 12790. 51 3s 38, 7p P° 
Mg-D (' S361. 69 20 11956. 02 3s 38, 6p 3P° 
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TABLE 1. Wavelengths and classifications for the lines of the *He 1 spectrum—Continued 


The meanings of the symbols in the first two columns will be understood from the discussion in the text and the explanations given at the end of this table, 











Observer 
ee o>. ee d (air) Intensity em7! Classification 
1 2 
Hzt C 8444. 48 11838. 81 3p 3P3..—I11d 3D 
Hzt 8518. 04 11736. 57 38 1S Sp 1P7 
Hz 8528. 991 11721.495 | 3d°D —15f 3F° 
5 3 pec 3 
Hzt 8582. 65 11648. 21 (32 “8 ay ci 
Hz 8648. 257 11559. 85 3d 31) 13f 3F° 
Hz 8733. 431 11447. 11 3d 3p) 12f 3F° 
Hzt & 8776. 74 5 11390. 62 3p 3P3 , Qd 31) 
Hz 8845. 373 2 11302. 24 3d 3D lif *F* 
P-Rt & 8914. 74 5 11214. 30 38 So 7p 1Fi 
Hz 8996. 978 5 19141..79 3d 3) 10f *F° 
Mg-D & 9063. 27 15 11030. 52 3p 3F3,— 8d 3D 
Mg-D C 9085. 45 2 11003. 59 3p Fi 10d ' Ds 
Mg-D C 9174. 52 5 10896. 76 3p 3P3, 8s 38, 
Hz 9210. 337 20 10854. 39 3d 37) Of 3F° 
Mg-D 9213. 1 2 10851. 1 3d ID, Of IFS 
Mg-D & 9303. 19 3 10746. 05 3p IPs 9d 1D, 
P-Rt Cc 9463. 61 100 10563. 89 3s 38, 5p 3P 
P-Rt C 9516. 60 10 10505. 07 3p 3t3,— Td 3D 
P-Rt ( 9516. 87 5 10504. 78 3p 3F6 7d 31), 
Mg-D 9526. 17 30 10494. 52 3d 31) Sf 3F° 
Mg-D 9529. 27 10 10491. 10 3d ID, Sf IF3 
Mg-D & 9552. 89 3 10465. 17 3d 3D) Sp 3P‘ 
P-Rt & 9603. 42 10 10410. 10 Ss 1S) 6p IP; 
Meg-D C 9625. 64 5 10386. 07 3p Ej &d 1D. 
Mg-D ( 9682. 19 2 10325. 41 3p 'Fj Ss IS, 
P-Rt & 9702. 60 30 10303. 69 3p 35 | 7s 38, 
Mg-D 10027. 73 60 9969. 61 3d 37) 7f 3F 
Mg-D 10031. 16 20 9966. 20 3d 31), 7f (FS 
Mg-D ( 10072. 04 5 9925. 75 3d 37) 7p °P 
Meg-D ( 10138. 50 10 9860. 69 3p 1F5 7d 1D, 
Mg-D ( 10233. 06 3 9769. 57 3p 'P; 7s 'So 
Mg-D C 10311. 23 100 9695. 504 3p 3Fs, 6d 31D) 
C 10311. 54 15 9695. 220 3p 3F8 6d 3D, 
Mg ( 10667. 65 30 9371. 57 3p 3P3 , Gs 38, 
( 10667. 98 9371. 28 3p 35 6s 3S, 
Me ( 10829. O88 10000 9231. 859 2s 38, 2p 3P3 
Mg & 10830. 248 30000 9230. 871 2s 38, 2p 3P; 
Mg & 10830. 337 50000 9230. 795 2s 38, 2p 3P3 
Mg ( 10902. 16 9169. 98 3d 'D, 6p IP; 
Mg 10912. 92 120% 9160. 94 3d 38D 6f °F 
Mg 10916. 98 34 9157. 53 3d ID, 6f IFS 
Mg + 10996. 56 9091. 26 3d 3.) fip 3P 
Mg C 11013. 07 16 9077. 63 3s 'Sp 5p Pi 
Mg C 11045. 00 Ay 9051. 39 3p 'F;j 6d ID, 
Mg ( 11225. 90 8905. 53 3p iP§ 6s IS, 
Mg ( 11969. 07 140 8352. 584 3p *P3,— 5d *D 
( 11969. 48 8352. 298 3p 3P5 5d 3D, 
Meg ( 12527. 51 190 7980. 25 38 38; tp 3P‘ 
( 12755. 66 7837. 51 3d 1D, Sp IP§ 
Hu-Ko 12784. 79 S10 7819. 66 3d 3) 5f 3F 
Hu-hKo 12790. 27 250 7816. 31 3d IDs 5f os 
Hu-Pl Cc 12845. 95 61 7782. 426 | 3p 3P3,— 5s 38, 
C 12846, 42 7782. 142 3p F565 5s 38, 
Hu-Pl C 12968. 44 100 7708. 920 sp Fj 5d 1D, 
C 12984. 93 7699. 13 3d 3) 5p *P° 
Hu-Pl C 15083. 66 120 6627. S81 38 'So tp I P§ 
- C 17002. 38 5879. 925 3p 3k3 1d 37) 
Hu-Ko C 17003. 15 1600 5879. G57 3 :pe 4d 4D, 
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‘LABLE: 1. 


Observer 


- d (air) Ir 
l 5 
Hu-Pl C 18555. 55 
Hu-ko @: 18685. 96 
Hu-Ko C 18696. 94 
Hu-Pl ®: 19089. 37 
Hu-Pl i 19543. 13 
Hu 20581. 30 
& 21120. 04 
I : 
Hu-PI C 21121.31 J 
Hu-P1 C 21132. 04 


*From 10912 A on, the intensities are measurements by C 


Explanation of Symbols 
4 Y 


C—-Wavelength calculated from vacuum wavenumber 
difference of relevant energy levels from table 2. 


CS--Same as C, the upper energy level being obtained 
from a series formula. 

B-Rs—-J. C. Boyee and H. A. Robinson, J. Opt. Soe. Am. 
26, 133 (1936). 

Hp—J. J. Hopfield, Astrophys. J. 72, 133 (1930). 

Hu-—-C. J. Humphreys, unpublished wavelength, privately 
communicated to author, August 1959. 

Hu Ko -C. J. Humphreys and H. J. Kostkowski, J. Research 
NBS 49, 73 (1952). 

Hu-Pl—C. J. Humphreys and EK. Paul, Jr, NAVORD Re- 
port 4589, 25 (1956); J. Opt. Soe. Am. 46, 999 
(1956). 

Hz—G. Herzberg, Proc. Roy. Soe. (Londen) [A] 248, 
309 (1958). 

Hz*—-The air wavelength given for this line by Herzberg 
(above) is incorreet; the wavelength in his paper 
is actually the vacuum wavelength. 

Hzt--Unpublished observations by Herzberg, privately 
communicated to the author. Of these lines, 
only 8776 A has been previously recorded (P-Rt) ; 
Herzberg’s observed value of 8776.725+0.02 A 
is in good agreement with the calculated wave- 
length. The value 8518.040 + 0.02 A from Herz- 
berg figured in determining the position of 
Sp'Pi, and his measurement of 8444 A is the 
same as the calculated value. 

Ke -P. G. Kruger, Phys. Rev. 36, 855 (1930). 

Mt -W. C. Martin, J. Opt. Soe. Am. (to be published). 
The vacuum wavelengths given in table 2 of this 
reference have been converted to air values 
according to the formula of dlén. These wave- 
lengths were further decreased by 0.0002 A for 
inclusion here because such a correction to the 
values assumed by Martin for the mercury-198 
standards at 5462 A and 4359 A appeared prob- 
able at the time the new array was worked out. 
It now appears the correction should at most 
have been —0.0001 A; except for 5015 A, either 
correction is insignificant compared to the 
probable errors. 

Me—-P. W. Merrill, Bul. BS 14, 159 (1917); Astrophys. 
J. 46, 357 (1917). Merrill’s wavelengths have 
all been increased by 0.002) A because of a 
systematic difference found to exist) through- 
out the visible range between his measurements 
and those of Martin (above). 

Mg—-W. F. Meggers, J. Research NBS 14, 487 (1935). 

Mg-D—-W. F. Meggers and G. H. Dieke, BS J. Research $, 
21 (1952). 
Of—-H. C. Offerhaus, Physica 3, 309 (1923). 


J. Wumphreys [2 


The meanings of the symbols in the first two columns will be understood from the discussion in the text and the explanations given at the end of this table. 


| 
itensity 


13 | 
7250 
3175 
1100 | 


130 
20850 | 


600 


95 
4]. 
P-G 


P-Rt 


| 
| 


Sh 
Su 


-G. 


Wavelengths and classifications for the lines of the *He 1 spectrum—Continued 


em! Classification 


5387. 752 | 3d >D, — 4p IP; 
5350. 15 3d 3D — 4f 3F° 
5347. 01 3d 1D, — 4f 1F3 
5237. O88 | 3p '!P? — 4d 1D, 
5115. 49 3d 3D 4p 3P° 
4857. 454 2s So — 2p '!Pi 
4733. 547 3p 3P31— 4s 38 

4733. 263 3p >P3 — 4s 38, 
4730. 860 | 3p 1P? — 4s 1S, 


‘-F. Paschen and R. Gétze, Seriengesetze der Linien- 


spectren, p. 26 (Julius Springer, Berlin, 1922). 
F. Paschen and R. Ritschl, Ann. Physik 18, 867 
(1933). In table 8a of this paper the designa- 
tions “33P,"" and ‘33P,” should be replaced by 
“33P. 1 and ‘33P 9’, respectively (see text). 
A. Pérard, Rev. Optique 7, 1 (1928). 
W. Series and J. C. Field, Proceedings of the 
Symposium on Interferometry, Teddington, Eng- 
land, June 1959 (to be published) 


-A. G. Shenstone, unpublished measurements 
‘T. Suga, Sci. Papers Inst. Phys. Chem. Research 


(Tokyo) 34, 7 (1937). 


(Where two or more symbols separated by commas are 


given in the second column, 


taken.) 
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a weighted average has been 


TaBLe 2. Energy levels of *He 1 


Term designa- J Level 
tion 
Is? JS 0 0. 00-0. 15 
2s °S l 159856. 069 
2s IS 0 166277. 546 
f Pe 169086. 8636 
2p *Pe { | 169086. 9400 
t- © 169087. 9280 
2p> iPS l 171135, 000 
3s 38 l 183236. 892 
3s |S 0 184864. 936 


185564. 
185564. 


6540 
6760 


ee 
m= ty 
~ 


0 185564. 9466 
f 3 186101. 643 
3d °D 2 186101. 646 
| | 186101. 691 
3d (1D 2 186105. 065 
3p IP 186209. 471 
is 38 I 190298. 210 
ts JS 1) 190940. 331 
tp 3P° 2,1,0 | 191217. 14 
f 5 191444. 583 
ld 3D 2 191444. 585 
| 1 191444. 604 





TasLe 2. Energy levels of *He ~ Continued 


Perm designa- J Level Term designa- J Level Term designa- J Level 
tion tion tion 


1/7 ‘'D—D 2 191446. 559 Sf ?F 1,3, 2) 196596. 17 l4s 3S 1) 197726. 37 
if 3R 4,3, 2) 191451. 80 8f 'F 3 196596. 16 l4s '(S QO 197739. 67 
if IF 3, 191452. 08 Sp 'P 1 196601, 51 l4p 3P 21,0 197745. 65 
tp ip 1} 191492. 817 9s 3S 1 196862. 04 l4d 3D 3, 2, 1| 197750. 69 
ds 3S 1 193347. O89 9s JIS Q 196912. 98 l4d 'D 2} 197750. 75 
5s. 18 Q 193663. 627 9p *P 2, 1,0) 196935. 42 l4f 3K 1,3, 2 
op ®*P 2,1, 0) 193800. 78 9d 3D) 3, 2, 1; 196955. 28 l4p 'P 1) 197751. 94 
5d 3D 3,2, 1) 193917. 245 9d 'D 2} 196955. 52 15s 38 1 197803. 12 
jd 'D 2 193918. 391 Of 3F 13,2 196956, O4 15s IS Q 197813. 95 
of 2 boo, 2) 195921. 31 Of i} 3 196956. 2 Lip Pp 2,1,0 ¢197818. 83 
of if 3 193921, 37 Yp Ip lL} 196959. 79 15d 3D 3, 2, 1| 197822. 91 
dg PG 5, 4+, 4, 3) 193922. 5 10s 3S 1 197145. 28 15d 1D 2 197822. 96 
5p 'P 1) 193942. 57 10s) IS Q 197182. 17 15f 3F 13,2) 197823. 15 
Hs 3s 1} 194936. 23 1Op Pp 2,1,0) 197198. 34 lip iP 1; 197823. 91 
6s IS Q 195115. 00 10d *D 3, 2. 1) 197212. 88 l6s 3S 1 197865. 87 
bp §P% 2,1, 0| 195192. 91 10d) ID 2} 197213. 06 lop *P 2, 1,0) 197878. 69 
6d 3D 3, 2,1) 195260. 167 1Of I 1,3, 2) 197213. 44 lod 31) 3,2, 1 197882. 00 
6d 3D 2 195260. 86 10p 1p | 197216. 24 lod tp 2 197882. 01 
of 3F Lo, 2) 196262. 59 lis 3S 1 197352. 89 lOp if 1} 197882. 82 
6f IF 3) 195262. 59 lis JS 0 '197380, 44 lj7s 38 1 197917. 53 
bg 34G 5, 4, 4, 3) 195263. 2 lip °P 2 A) T9302. 72 lip °*P 2, 1,0) 197928. 26 
6h SH 6, 5, 5, 4| 195263. 8 lid 8D 3, 2,1) 197403. 47 l7d 31D) 5, 2, 1| 197930. 96 
Op 1p 1} 195275. O4 lid 'D 2 197403. 64 l7d '—) 2 197931. 00 
is 38 1 195868. 35 lf Ik 1, 3,2) 197403. 89 iio oP 1 197931, 65 
is JS Q 195979. 04 lip '] 1 °197405. 99 ISp Pp 2.1,0) 197969. 75 
ip *P 2,1, 0) 196027. 40 125 35 1 197509. 52 Sd 3)) 3,2, 1 197972. 00 
7d 1) 3, 2, 1) 196069. 73 12s JS ( 167530. 68 ISd IP) 2 197972. 07 
wd (D 2 196070. 16 I2p 3P 21,6 197540. 19 Isp IP 1 197972. 58 
at iF Li 2) 196071. 26 }2d 1) 3,2,1 197548. 41 9p 3p 2,1,0 198004. 85 
7f 'F 3} 196071. 26 12d ‘1D 2 197548. 54 19d 31D 3,2, 1 198006. 75 
7g 21G 5 4,43) 196071. 7 12 Ik L. 3,.2| 197546. 76 Tg 1| 198007. 21 
th 33H 6,5, 5,4) 196072. 0 [29 oP 1; 197560. 36 20p 3P 2,1.0: 198034. 80 
77 34a 7,6,6,5 3s 3S lL 197630. 75 20d 31) 3, 2, 1 198036. 4 
ip 79 1! 196079. 24 lp P >? 10) 197652. 83 20p 'P 1 198086. 79 
8s 3S 1 196461, 42 13s |S 0 4197647. 38 Zip. °F 2,1,0 198060, 58 
8s IS QO 196534. $8 13d oD 3.2, 1) 2761.21 21ld 3—D 3, 2, 1} 198062. 3 
Sp 3P 21,0 196566. 82 3d! D 2 197661. 22 22p 3P 2,10 198082. 89 
Sd 3D 3, 2,1 196595. 18 i3f 638 1,3, 2) 197661. 50 Hem@Sn.) Limit 198310. 81 
Sd 'D 2) 196595. 54 lop ip Ll) 197662. 7) 2p" ik 2, 1,0) 481205. 
* Although it is not possible to give the unverturbed position of these terms, Phe value given for this term in Paschen-Gotze is incorrect 

Foster |19] found transitions from them to 2p!P° in the spectrum emitted by hel Phe energy for this term was calculated from a series formula, The values of 

jum atoms in a strong electric field Paschen-Gotze for Isd, 19d, Dare in disagreement with those of Herzberg by about 
b Level value found by plotting the Rydberg denominators of the ws (S series 0.5 em 

The np 'P° levels were obtained from a series formula from l1p on 

1 An incorrect Value was given for this term by Paschen-Gétze, The wavelengtt 

listed there for the transition 2p !}Pj—13s 'S5 is in error 

TABLE 4 Observed fine-structure ratios and nn? depe ndence 
for the 3d and 4d triplets of Het 
TaBLE 3 Fine-structure reqularities observed for the 2p and 
3p triplets in Het. 1) D; 
ried met 5] ) s]) 
D 1), 
P3—3P3 
Mp ip ip W(3P . 
: ‘ 3d 16 |. 30 ecm 


hf 11 Bas) 
2p l 


WasHiIncton, DC, (Paper 64.A1-26) 
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Vibration-Rotation Structure in Absorption Bands for the 
Calibration of Spectrometers From 2 to 16 Microns'’ 


Earle K. Plyler, Alfred Danti,? L. R. Blaine, and E. D. Tidwell 


(September 23, 1959) 


Suitable bands of common gases have been tabulated and remeasured wherever neces- 
sary from 2 to 16 microns to obtain an accuracy of about 0.03 em throughout the region 


and to provide good calibrating points at frequent intervals. 


Some 600 rotation-vibration 


lines are illustrated in 20 spectrograms and wavenumbers are listed in companion tables 


with considerable intercomparison with worthy data obtained in other laboratories. 


The 


absorpotion bands were remeasured or calibrated by using either a precisely graduated 
grating circle or standard atomic lines with the fringe system formed by a Fabry-Perot inter- 


ferometer. 
ences to other publications are given. 


CO, CO; HCl HBr, NH;, CoH 


1. Introduction 


In recent years, infrared spectroscopists have ex- 
pressed concern regarding satisfactory methods and 
wavelengths for calibrating good prism and small 
grating spectrometers [1, 2, 3, 4] In the past, a 
number of publications [5, 6, 7, 8, 9, 10, 11] from 
several laboratories did tend to ease the immediate 
requirements; but with the influx of finer instruments 
the need for more thorough, suitable, and precise 
coverage has arisen. Professor Mizushima and fellow 
workers have clearly indicated in their detailed meas- 
urements [12] that the small grating instruments are 
certainly capable of producing rather precise data. 
The present work addressed itself to the need for 
bringing together and remeasuring suitable bands of 
common gases in order to certify absolute accuracy 
to within several hundredths of a em—! throughout 
the region and to provide calibration points at fre- 
quent intervals. 


2. Utility of the Molecular Band Method 


Although in several cases (extremely precise meas- 
urements on CO [13, 14, 15] and HCN [16]) the use of 
molecular bands for calibration purposes is probably 
as good as the use of atomic lines, this method should 
hot take preference over the use of atomic lines when 
precise measurement is being considered. However, 
When measurements good to several hundredths of a 
em! are sufficient or in cases where other limiting 
factors enter, viz, broad bands, then this method may 


een em 
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Characteristic features of the individual bands are discussed briefly and refer- 
The substances used for calibration include H.2O, 
9, CHy, N2O, and polystyrene film. 


offer a number of advantages. In the case of prism 
instruments, the use of appropriate atomic lines for 
calibration is rather limited to the visible and near 
infrared regions and the need for single order coverage 
throughout is apparent. Present day commercial in- 
struments are more easily calibrated in absorption 
than in emission and the molecular band method 
obviates the need for a full battery of atomic line 
equipment as well as personnel capable of using it. 
In addition, only available or easily obtainabie sub- 
stances have been used in this work so that labora- 
tories should experience little difficulty in using this 
method. Most of the gases are available in typical 
chemistry laboratories and it will be mentioned that 
work in this laboratory has indicated that, in general, 
natural gas from commercial lines and acetylene 
drawn from the welder’s tank are suitable for eali- 
bration purposes. Should impurity peaks arise in 
these bands, use can still be made of the lines which 
are clearly those tabulated and illustrated in the 
following sections. 

Some 600 lines, which provide rather thorough 
coverage, are tabulated and illustrated in 20 spectro- 
grams. For certain bands, the number can be appro- 
priately increased by having reference to recom 
mended publications given in the discussion section. 
Attempts were made to keep the number of different 
gases used at a minimum and they inelude: H,O, 
CO,, CO, HCl, HBr, NH;, C:H:, CHy, and N.O. Also 


a polystyrene film has been included. 


3. Instruments and Methods Used in 
Calibrating the Standard Lines 


Two instruments in the Radiometry Section of the 
NBS were used in measuring the bands and in the 2- 
to 4-u region most bands were measured on both in- 
struments at different resolution and the results 
compared. 








3.1. 5 to 16 Micron Region 
a. Instrument 


The previously described [17] grating spectrom- 
eter with an off-axis collimating mirror of 1-m focal 
length was used in conjunction with an extremely 
precise grating circle reported to be accurate to at 
least 3 see of are for any angle [18]. For the longer 
wave work (5 to 16 w) the lead telluride detector was 
replaced with a thermocouple detector. When this 
instrument was used in the 2- to 4-~ region, the 
thermocouple detector was purposefully used so that 
resolution could be lowered and made comparable to 
that of small grating instruments. A KBr fore- 
prism arrangement with fixed foreprism slits and a 
manually adjustable prism was used for order separa- 
tion throughout this work. Under these stated condi- 
tions the instrument was capable of resolving lines 
separated by 0.3 em! in the 7- to 16-u region and up 
to about 1 em! in the 2.5- to 6.5-u region. 


b. Method of Calibration 


With a microscope attachment, angles were read 
off the inscribed circle, centered with respect to the 
spindle of the cone which rotates the grating, and 
fiducial marks recorded on the chart. During 
measuring runs, readings were taken every 5 min of 
are and a slow drive speed (~23 min per deg) was 
used. It was found that proper positioning of the 
foreprism energy upon the entrance slit of the 
spectrometer proper was necessary in the sense that 
for extreme settings, where the maximum of energy 
being admitted to the spectrometer would come 
about 5 grating degrees away from the point of 
interest, the frequencies of measured lines would be 
in error by several hundredths of a em7!. By mak- 
ing frequent settings of the foreprism (about every 
2 deg of grating angle) so that the energy would be 
maximized and hence placed symmetrically on the 
entrance slit, these effects could be ignored. Such 
considerations were, of course, of greater importance 
in regions where wide spectrometer slits were 
required or at long wavelengths where the dispersion 
of KBr is greatest. (This matter was considered in 
some detail, since it is felt that it is a frequently over- 
looked source of error occurring with the use of fore- 
prisms.) In the course of any complete run (stand- 
ards plus spectrum to be measured) no changes were 
made in instrumental conditions (viz, retardation 
resulting from changes in amplifier response settings 
may shift the line center) unless absolutely necessary. 

At the start of the work, it was decided that the 
precisely measured CO fundamental lines (see ref. 
[13]) (table 4) be used as standards wherever possible. 
The procedure devised was that of using the simpli- 
fied grating relation, nX=F sin 0, where an “effec- 
tive” grating constant, Aq), Incorporating spectrom- 
eter characteristics, could be calculated by measur- 
ing about 15 CO lines and the physical central image 
This was done with the grating being turned first in 
one direction then in the reverse direction. If 
slightly different, the A’s obtained separately for 
ach direction would be averaged. Once a good 


value of A had been determined for a grating, the 
central image was always calculated from the 10 (or 
so) standard lines recorded either before or imme- 
diately following a measuring run. Using this pro- 


| cedure, the frequency of standard CO lines could 


always be recalculated from chart measurements to 
within about +0.01 em! of the accepted value. 
With good spectrometer and grating alinement, it 
was felt that CO standards could be used to calibrate 
NH, CH,, and H,O lines even though the grating 


angle for the standards differed appreciably from 


| dividers 
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that of the lines in question. In calibrating the 
lines, both standards and runs to be measured 
would be recorded with the grating being turned in 
the same direction. As is often the case, it was found 
that slightly different values would be obtained for 
the two directions. Final values represented the 
average of an equal number of measurements in each 
direction. It is believed that the tabulated values 
are accurate to +£0.02 em7! in this region. 


c. Chart Reduction 


Wherever possible single lines were picked out for 
measuring, but in some instances certain complex 
lines were measured since they are particularly suited 
for direct prism observation. It advisable to 
record spectra on ruled chart paper where the ruled 
lines are reproducible perpendicular to the chart 
edge. The determined center point of the line to be 
measured can then be easily projected to a suitable 
measuring base line on the chart by using a pair of 
and the nearest ruled line. The center of 
the line should be determined with a pair of stiff 
dividers at about the 2/3 absorption point and not 
at the peak or apparent maximum of absorption. — If 
the spectrum is particularly noisy the center should 
be determined at a number of places from the 2/3 to 3/4 
point of the maximum of absorption and the average 
taken. Fractional distances between ‘pip’? marks 
should be measured to within 0.005 in. using a steel 
rule and visual enlarger if necessary. For the 
majority of measuring runs, 5 min of grating are 
corresponded to 2 in. on the chart. 


is 


d. Instrument and Calibration 


uses 


double-pass 
I 


The instrument, which the 
system and is capable of resolving about 0.03 em 
has been deseribed [19] and onlv a few details need 
be added. Standard atomie lines and the fringe 
system described in a previous paper (see ref. [17]) 
were used to calibrate the molecular bands. By 
scanning the spectrum slowly and averaging several 
runs, a set of relative values for the lines of a band 
can be determined to a few thousandths of a em! 
and the absolute to +£0.01 em7!. With seanning at 
a medium rate, absolute values are probably in error 
by +£0.03 em-!. The accuracy of measurement of 
this instrument is increased by the lines being very 
narrow (0.03 em-'). Measurements made under 
lower resolution (about 1 em 7!) with the other 
instrument in this region agreed with these to about 


-0.05 em-!. This indicates that low resolution 


spectrometers can measure with an error of about 
1/10 of the resolution. 


e. Refractive Index 


In this laboratory measurements on both instru- 
ments are carried out with the grating in air so that 
reported frequencies were corrected to vacuum by 
using refractive index tables, and temperature and 
pressure corrections given by Penndorf [20]. 


4. Comments on Measuring Technique and 
Use of the Standard Lines 


For the present-day molecular spectroscopist: who 
wishes to carry out precise measurements, useful 
points on measurement technique, whether on 
standard or unknown lines, have already been 
mentioned in previous sections on method of calibra- 
tion, instrument performance, chart reduction and 
also in reference [17]. Concerning a spectrum to be 
measured, in cases where the instrument is being 
used at or near its resolution limit (ripple spectrum) 
or in the case of complex lines or shoulders, then the 
best possible “center” point must be picked and this 
may necessarily have to be near the absorption peak 
since lines may not be well enough developed to 
permit measurement at the 2/3 to 3/4 absorption 
point. 

It is advisable to record both spectra and stand- 
ards for each direction of grating turn if the driving 
mechanism is equally accurate in both directions. 
Provisions or modifications should be made on com- 
mercial or laboratory instruments so that the grating 
can be used in both directions with near equal 
accuracy and the results averaged. Undoubtedly, 
in most laboratories the standards will be used in 
conjunction with reproducible pip marks. Data 
will be extracted from simple pip or drum number 
versus frequency (cm7') relations by fitting a straight 
line to two end points and an extended deviation 
curve plotted. In view of extremely precise data 
for certain bands (CO, HCN) the utility of using 
these standard lines in higher orders for the same 
erating angle should not be overlooked. In terms 
of precision measurement, it would appear that the 
PR branch (1,000 to 1,200 em~!) of the w/2 NH, band 
might also be classified in this category. This 
higher order procedure, of course, requires refractive 
index considerations for conversion to vacuum and 
each spectral region must be handled independently. 

In making use of the standard lines under lower 
or higher resolution, workers should exercise neces- 
sary care. For example, in the CO bands where 
(apart from some isotopic overlap) the lines are 
single and suitably spaced throughout, even ripple 
peaks observed with a prism instrument would serve 
satisfactory calibration points. Whereas, in 
many other bands proper usage under lower resolu- 
tion may require judicious use of sufficiently low 
pressures and slow scanning speeds to assure the 
proper development of lines and eliminate “pulling” 
by strong neighboring absorption. 


as 





5. Discussion of Spectograms 


In general, the runs made on white chart paper for 
illustration purposes were made at somewhat faster 
speeds and with much more chart concentration 
than was the case for the measuring runs. On some 
of the illustrations, sloping or bowing backgrounds 
are due either to foreprism effects or the joining of 
separate sections. 


5.1. CO.,, v». Fundamental 


Some 20 lines in this band were remeasured and 
comparison is made with the work of Rossman, Rao, 
and Nielsen [21-A, 21—B] and also with the values 
reported by Mizushima et al. (see ref. [12]). Although 
our measurements were somewhat handicapped by 
the overly strong absorption (7-m path) and also by 
poorer grating resolution in this region, the agree- 
ment is quite good. It appears that the values re- 
ported by Rossman, Rao, and Nielsen (also addi- 
tional unpublished work communicated by Dr. Rao) 
are accurate and that lines they report both at higher 
and lower frequency as well as those given in table 1 
may be used for calibration purposes provided the 
atmospheric absorption is augmented by CO, used in 
a vapor cell. The spectrum is illustrated 1 figure 1. 








TABLE 1. Absorption lines of v2 fundamental of CO, from 635 
to 700 cm=! 
R(J) P(J) 
Rossman, Mizushi- |} Rossman, | | Mizushi- 
BY y Rao, and |Thiswork|maet al.» |; Rao, and/Thiswork|ma et al.> 
Nielsen ® vy em! vyem-! || Nielsen *| »cem-! | » em! 
vem! (vac.) (vac.) || »em-! | (vac.) (vae.) 
vac.) observed | observed (vae.) | observed | observed 
observed observed | 
a > 669. 75 Pe , 665. 83 eee Ses BaP Abs ts os 
tsa ae 71. 34 2 . 28 eee pane cal 
6 aa. 72. 88 88 . 87 | 62. 71 cceseasigsiass teat 
S:. 74.45 . 46 . 43 61.18 15 15 
10 a 76. 02 . 06 . 02 59. 64 . 55 . 60 
|) 77. 60 = . 59 58. 08 . 06 . 09 
14 ss 79. 20 ‘ 16 56. 55 51 . 53 
16 5 : 80. 78 hi . 76 55. 02 4.98 . 00 
) 82. 3 39 35 53. 48 - 48 47 
20. 83. 95 98 95 51.95 91 . 94 
99 85. 55 . 56 55 0. 41 39 41 
24 87.16 «ae 14 48. 90 cs . 89 
26 88. 77 49 78 ee eee 38 
oR. 90. 38 3 . 36 45. 90 89 . 87 
30... 91.99 97 99 44. 37 . 39 
32 93. 59 60 vot as 88 
| 34 95.19 . 20 41.35 . 40 . 38 
36 96, 82 z . 82 See : . 90 
3s OS. 44 . 42 38. 34 saad . 39 
1 ea 700. 07 04 36. 87 . 89 
42 01. 69 68 35. 38 . 40 
Q Branch e (10°0>01'0 720. 46 


| 
| 


31 


a Rossman, Rao, and Nielsen [21]. 
b Mizushima et al. [12] 
e The measuring point of this band was taken at the 2/3 absorption point. 


5.2. Acetylene, v; Fundamental 


This band was included in order to provide useful 
libration points between the end of the strong 15-z 
QO. band and the ammonia band. On the low- 
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FIGURE 1. The V9 fundame ntal of COs, recorded in the first order of an 1,800 lines/in. grating 
under atmospheric conditions and }-m path. 


Spectral slit width about 0.5 em 


frequency end, our values are in excellent agree- | Tasie 2. Absorption lines of vs fundamental of acetylene from 


ment with the recently published values of Rao, Ca0'te TIO cm 
Ryan, and Nielsen [22] and table 2 includes addi- 


tional values as reported by these authors. At | Line seria ae pe. | St ye i hoo 
higher frequency, results are also compared with the number observed oe | Wee tree) | #-0e8 ttre 
work of Christensen, Eaton, Green, and Thompson . beers 
[23]. The agreement is quite good except between | 686.77 |. porn 
lines 29 to 39, where several lines appear to be pulled | : ee 89.15 
out of position by an overlapping band. These lines | i 93. SO 93. 79 
are set out by parentheses. Results of recent or — 
measurements by Jones and Nadeau of the National St Bcwsiag Bh G08. 50 8. 57 
Research Council, Ottawa, Canada are also included. S703. 28 03. 24 03.19 "03. 23 
The spectrogram is illustrated in figure 2. 10! 07,96 07, 96 07,94 ar 
5.3. NH;, v, Fundamental 1 2 is ae 12 vi 12 a 
Os 15. 4 
Table 3 gives values obtained in four different Tees 17.35 
laboratories for this band. Since these four works 7 19.90 (peak — -_ 
are of about equal quality, the average value re- y| ee 2. 21.9 
ported in the last column represents a simple nu- 19) 36.17 36. 1S 314 
merical average (within arbitrary +-0.04-cm~! exelu- eh ania or eink 
sion conditions). The average values are probably + y+ 1331 1329 
better than individual determinations, and it is 23 15.64 15.64 15, 65 
estimated that they are good to within +0.01-cm—! = al ~p ie 
absolute on the average. The region from 1,000 to oS eer aa ae 
1,200 em™! is particularly good. We have cause for 27 | (55.12 55. 14 55.10 
suspicioning some of our low-frequency lines (num- =o 2-4 Ae ee 
bers 1,3, and 6) due to the fact that the grating was O) nH 2.1 62.10 
being used at exceedingly high angle. As more sh (HA M6 64, 52 64. 50 
experimental and theoretical data become available S| epee 60. 91 69. 13 
for ammonia, a good set of calculated values may zee des: 1% 
ultimately replace the average value column. The ae : ia 
spectrum is shown in figure 3. as cae a 
‘ SO. 70 SO) SD R(). 7 
5.4. Methane, v, Fundamental SAS S545 85.37 
This band serves the purpose of providing connec- 90.10 90, 12 
tion between the ammonia and water bands and is 
included mainly because workers with small instru- pes Dc doanag— rani rach ig 
ments may have difficulty in observing weak water Jones and Nadeau, National Research Council, Ottawa, Canada, unpub 
lines in this region. We are unable to compare these | °s' parentheses around values in second column indicate poorer 
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FIGURE 2. The vs fundamental of acetylene recorded in the first order of 


grating with 8-cem pressure and 5-cm path. 


an 1,800 lines/in. 


Spectral slit width about 0.7 em The low frequency end of the P branch overlaps with atmospheric absorption of 


rom 


89.15 


1.39 


15 


O88 
3. 


10, 20 
1? 0) 


pub 


CO: and the strong @ branch (hot band) of CO2 at 720.46 cm-! also contributes to absorption at this point. 


(ECABDE: oy 


Absorption lines of ve 


fundamental of NH, from 
760 to 1,210 cm 
I Chis work Garing and Price and Mizushima Average 
‘ | em vil Nielsen coworkers ¢ et al value 4 
hye observed vem vac vem vac.) vem! (vae cm- 
observed observed observed vae. 
THO. 72 69 6a 70 
70. Ob ‘] 4() 46 3 
78. 33 29 ae $5 30 
1 1.76 Fp 7H 75 75 
me 17 14 16 15 16 
( SOG, 7t 72 71 74 3 
7 14.27 25 22 24 24 
s $0). HS ( 70 67 bs 
) $4. 86) s s4 SS s4 
10 51. 36 32 3b 32 34 
| 2.7 71 76 73 74 
7.83 (blend n3,. 74, . 93 3.009 $2 82 
71.77 73 74 79 76 
j 72. 59 ( “ ys 5S 
S749 4 SOL U6 ay 
lt 20) nd LSS 14 1. 88, 14 10 OS 
WS. 2] \7 15 24 Is 
IS IS.65 2 tl 63 
14 30.85 (] 1 ( ao xs 
yl 18, 27 22 25 27 2 
» 1 &3 “4 <() SO 
’. ilol op On 89, 1? 
2 sD SY Gp Ga ao 
D4 1.71 is 71 70 
0 nd | 70 Hi, 71 4 2 
Jt 1, O07. 55 } Ht) ts 55 
» 11.20 1) ya. 24 22 
Dn OT 4 04 4 6. 92 04 
”y 32. 14 18 13 12 13 
3) ii. 41 10) $2 27 $1 
$14 13 4 14 14 
» t cs i aa) tf) 57 
$ 70. 60 ’ 5Y a5) 59 
‘4 TANT 14 7 13 15 
S4. 6] Ho 2 AH Hl 
SU 3S 4” 30 31 10) 
mE | It 15 15 
S 1,108.44 tt 42 14 44 
30) 10.67 Hu HY 67 OS 
1 16. 02 03 03 ». YT 03 
1] 22.1 14 13 10 14 
1? 41.8 St) .8Y 87 
4:3 36.78 7f¢ qo 10 
14 4(). ¢ ( 65 5S 4 
} 17 2 D4 53 
1H) 52. St SH 87 Sb 
‘7 ) Os Qs a) Q5 
1s 77.09 OS 10 0g 
14 95. O2 ao $44 5.00 
0 | 1,212. 66 HS Hu 6S 
®* (raring, Nielsen, and Rao [24] 
b Price ind coworkers [33] 
Mizushima et al. [12] 
Numerical average of the 4 determinations. If a number differed by 0.04 


r more from the 


528863—60 


iverage of the other 3, it was excluded from the average. 
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numbers with others, as there are no other precision 
measurements available but our results (see table 
4) would appear to be good to about +0.02-em™ 
absolute. The spectrum is shown in figure 4. 


5.5. H.O, v. Fundamental 


Some 50 good lines of varying intensity were picked 
out for measurement. (See table 5.) Wherever pos- 
sible, the lines are compared with recent precision 
determinations of Rao, Ryan, and Nielsen (see ref. 
(22]). These authors indicate that their values are, 
on the average, about 0.07-cm7! lower than those 
reported by Dalby and Nielsen [25] for the region 
1,450 to 1,650 em~!. Our results, when compared 
with Dalby and Nielsen’s values, would indicate 
that this is the case throughout the band. Wherever 
possible, mild flushing or pumping down of the spec- 
trometer housing is to be recommended for cleaner 
development of the lines but our results indicate 
that good calibration measurements can be made 
even on saturated lines provided the line is not a 
complex one. This band is illustrated in figure 5. 


TABLE 4. Suhstructiire of vy band of ( ‘Hy from 1,200 to 1,370 


cma} 


bis work 
vem! (vac, 
observed 


Serial 
number 


] 1, 216. 26 
2 30. 12 
3 33. 47 
4 41.01 
5 47.81 
6 56. 60 
7 65. 52 
S 75. 20 
i) 81. 59 
10 92. 61 
ll 97.63 
12 1,311. 42 
13 22. 09 
14 27.20 
15 32. 41 
16 41.79 
17 46. 70 
Is 53. 06 
19 66. 04 
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FicurE 3. The v2 fundamental of NH: recorded in the first order of a 3,600 lines/in. grating with 7-em pressure near the band 
center and 12-cm for the wings, both with 5-cm path. 


Spectral slit width about 0.3 em 
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Figure 4. The vy fundamental of CH, recorded in the first order of a 3,600 lines/in. grating with 12-cm pressure and 5-em path. 
Spectral slit width about 0.5 em Phe open circles refer to atmospheric water peaks 
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TABLE 5. 


1,300 to 2,000 cm~! 





Ab.orption lines of v. fundamental of H,0 from 


5.6. CO Fundamental 


The CO fundamental band at 4.67 » was measured 
accurately by Plyler, Blaine, and Connor (see ref. [13]) 





Line This work Rao, Ryan, Line This work | Rao, Ryan, p ote ‘ey \ J 
serial |» em=i (vae.) and Nielsen'*)| serial | eem=! (vac.) and Nielsen | in 1955. With the measurement of the CO harmonic 
number observed vem! (vae.) |} number | observed v cm! (vac.) 9 22 ° : = Ripe 
observed | | observed (2.33 uw), it was possible to calculate the position of 
, _ _————|_—— ed the fundamental band. This has been done by Rank 
; 1,812.55 26 16.7 16.72 | and his colleagues (see ref. [14]) and a very good agree- 
2 8. 92 27 27. 88 | : : * 
: on Ga 28 37 53 | ment with the observed values was obtained. There 
‘ a = pape! was a slight difference in values for the high J’s in 
. ime | the 2? branch. Recently the PR branch has been re- 
es : 71.49 . A 
6 oo 32 0.15 | measured and a better correspondence with the cal- 
8 04. 46 = _—. | culated values is obtained. The accuracy of the 
- aie ap 35 23.49 | calculated values approaches a few thousandths of a 
= | : ’ . . . _ 
36 56.81 em-'. The spectrum is shown in figure 6 and the 
11 29.94 37 68.17 eee en . > 
- ogee - snap | values are listed in table 6. 
13 52. 04 — = , 84. 95 
14 64. 92 64.9 1) » (40. 94) | 
Mi 81.25 : sil | 5.7. C¥O,, v; Fundamental 
> 42 1, 810. 63 
16 87.29 < sett 
y 43 25. 24 ah 113 . ; : : : 
+ a 44 47, 80 he CO, band is excellent for calibration from 
19 "OR. 57 45 69. 35 2,240 to 2,280 em! and connects with the v3 band of 
20 (45. 09) a 69.59 | C¥O,. This spectrum was measured in 1955 by 
7 95.19 | ° 7 pee b i a 
1 64.93 64.91 || 48 1, 918. 05 | Plyler, Blaine, and Tidwell [26]. In this work, the 
: as et jt | lines of this band have been remeasured and the 
24 1, 601.25 01. 28 } | values check closely with the first determination. 
25 ) 5 2,016. 79) , . : . ° 
4 niet a Unfortunately, the J values were incorrectly listed 
ange aa a : | in table 1 of the above publication and each J of the 
Dict Linas are teecaocurate. | P branch should be reduced by 2; that is, P 44 should 
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FIGURE 5. 
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The v, fundamental of H,O recorded with a 3,600 lines/in. grating under atmospheric conditions (T= 21° C, humidity 


21%) and 7-m path. 


The upper spectrogram was recorded in the first order and the lower in the second order. 


35 


Spectral slit width about 0.6 to 0.7 em! for both spectrograms. 
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FIGurReE 6. 


YaBLE 6. Absorption lines of COQ from 2,020 to 2,240 em 


Plyler, Rank et | Plyler, Rank et 
Line Blaine, and al.b » ¢m- Line Blaine, and al.> »y cm 
No Connor * vac.) No. Connor # (vac. 
vy cm! (vae calculated vy cm! (vac.) calculated 
observed observed 
P28 2, 022. 899 915 RO 
97 27.635 650 l 
26 $2. 349 354 2 |2, 154. 596 5Y8 
25 37. 030 026 4 58. 309 302 
24 41. 663 HOS 4 
23 4). 271 278 5 65. 602 04 
22 f 
2] 55. 391 402 71 72.759 761 
m1) 59. 911 916 S 76. 287 284 
19 9 79. 761 774 
18 68. 85] S49 10 83, 226) 296) 
17 ll 86. 636 641 
16 77. 650 652 12! 90.010 (20 
15 82. 0O9 O05 13 93. 357 361 
14 Sti, 322 $24 14 6. 661 665 
13 90. 603 oll 15 99. 929 933 
12 94. S70 S15 16/2, 203. 147 163 
11 99. 096 O85 7 06. 345 355 
10 2, 103. 265 272 IS OY. 498 510 
) O07. 413 $26 19 12. 600 626 
& 11. 565 546 20) 15. 685 705 
7 21 18. 733 746 
i 19.677 654 22 21. 732 ¢ 21. 750 749 
; 23. T00 702 23 24.694 24.712 713 
H 24 27. 638 
3 31. 639 . 685 25 30. 526 
» 35. 554 544 2 33. 362 
1 39. 432 $20 27 36. 186 
28 38. 958 


New measurements agreeing 
more Closely with calculated values. 


«a Plyler, Blaine, and Connor [13)}. 
b’ Rank et al. [14]. 


be P 42, ete. The work with a small grating spee- 
trometer of Mizushima and his colleagues (see ref. 
[12]) has also been included and there is very good 
agreement between the two lists of frequencies. The 
spectrum of this band is shown in figure 7-A and the 
values are listed in table 7—A. 


5.8. C’O,. »; Band 


The only precision work for this band is the work 
which was done at the NBS. The frequencies were 
first published in 1955 (see ref. [26]) and since then 
two other determinations have been made. With 
the long paths employed in this laboratory, it is not 


FiGuRE 7—A. 


TABLE 7-A. Absorption lines of v3 fundamental of C3Q,'6 


from 2,240 to 2,300 cm-} 


Previ- 
ous Previ- | 
This work Mizu- This ous Mizu- 
Line work v Plyler, | shima et Line work » work | shima et 
num cm! Blaine, al. > num- vem! | thislab- | al. 
ber (vae.) | and Tid- em ber (vac.) | oratory *| » em-! 
observed well 4 (vac.) observed vem! (vac.) 
vem! observed (vaec.) | observed 
(vae.) observed | 
observed 
= ae — 
P 40 | 2,247.68 | 2,247.66 | R.0 | 2,284. 24 | ee 
38 49. 68 68 2] 85.79 . 76 . 83 
36 51.70 . 67 | 4 87. 31 . 33 34 
34 53. 66 : 6 88. 81 . 80 . 83 
32 55. 59 8 40. 23 . 20 | .29 
10 91.62 . 62 | 7 
30 57. 52 52 2, 257. 48 12 93. 10 ye kien 
28 59. 41 42 | 10) 14 | 94. 45 | P| ee . 
26 61. 29 30 35 16 | 95. 89 Seat 91 
24 63.13 14 | 30 18 97.18 | . 20 | . 26 
22 64.95 6 5. 04 20 98. 50 | ay 
22 99. 76 74 
20 66.75 76 85 24 | 2,301.05 06 
18 68. 54 55 65 | 
16 70. 29 31 37 
14 72. 03 
12 tate 74 73 
10 75. 42 
s 77.09 OS 03 
6 78. 71 71 64 
i 80. 33 31 1s 
2 81.94 


* Plyler, Blaine, and Tidwell [26]. 
b Mizushima et al. [12]. 
¢ KE. kK. Plyler and L. R. Blaine, unpublished work. 


possible to measure the central part of the band. 
Figure 7—B shows how use can be made of the entire 
band by purging the instrument housing and con- 
taining the COs, in a cell. (Dr. Norman Jones of 
the National Research Council of Canada has fur- 
nished the spectogram as observed with a purged 
small grating instrument.) Table 7-B gives ob- 
served values for the band wings and calculated 
values for the central part. In view of the fact 
that molecular constants calculated from the ob- 
served lines agree well with those of Courtoy [27] 
obtained from many bands and agreement with ob- 
served lines is good, it is felt that workers can use 
either the observed or calculated values of table 
7—B equally well provided the intensity and resolu- 
tion of the band is close to that of figure 7—B. Both 


NUMBER ,cm 


J 


The v; fundamental of C®O,'® recorded in the first order of a 7,500 lines/in. grating under atmospheric conditions and 


6-m path. 


Spectral slit width about 0.3 em! 
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FiGgurRE 7—-B. 
The spectrometer housing was purged of atmospheric CO2 with dry nitrogen and the spectrum recorded with 30-mm CO, in a 10-em cell. 
0.25 em=!, 


The v3 fundamental of C®O,!* recorded in the third order of a 70 lines/mm grating with a small grating instrument. 
Spectral slit width about 
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FicurRE 8-A. A bsorption band of HBr recorded in the second order of a 5,000 lines/in. grating with 40-cm pressure and 5-cm path. 


The CO? band just appears at the low frequency end and the HCI band at the high frequency side 


H Br as an impurity. 


Spectral slit width about 0.8 cm-! H1C] was present in the 
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Figure 8-B. A section of the HBr ™: *! bands with HC1*, ** overlapping. 


Recorded with a 10,000 lines/in. grating singly passed with 2.5-mm pressure of each acid in a 6-m cell. Spectral slit width about 0.06 ¢m 
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TABLE 7-B. 


from 2,280 cm~ to 2,390 cm“ 


This work Previous | This work | Previous 





Line | vem! work this Line vem} work this 
number (vac.) | laboratory * | number (vac.) | laboratory @ 
| observed y em! (vaec.) observed | v em=! (vac.) 
| observed | observed 
P68 | 2,282.21 R 48 | | 2, 379. 80 
Sos 50 | : 80. 74 
64 86. 93 ; 52 wig arita 81.65 
62 8&9. 23 54 : ot 82. 51 
60 a) 2, 383. 39 | 83. 38 
8 93. 81 | 2,293.81 |} 5S 84, 22 84. 21 
56 96. 03 | 96, 03 60 | 85. O1 &5. O1 
54 98. 30 ; 62 | 85. 80 85. 79 
42 2, 300. 50 ; 64 | 86. 55 | 86, 55 
0 2, 302. 70 66 | 87. 26 
48 04. 84 68 87. 97 
46} 06. 96 70 88. 64 
ie a 89. 32 
74 89. 91 
R 30 2. 76 , 90. 49 
32 
34 78 91.10 
36 80 91. 61 
38 j 82 92. 16 
84 | bts ‘ 
40) 75. 83 86 : 93. 09 
42 76. 87 
14 77. 88 SS 93.55 
41} 78. 86 90 93. 96 
Calculated values for lines near band center 
P 44 2, 309. 05 RO 2, 349. 97 
42 11.13 2 51. 50 
40 13.19 4 53. 01 
38 15. 22 6 4.49 
3t 17. 23 8 5. 95 
34 19. 21 10 57. 38 
$2 21. 1 12 8. 7S 
30) 23. 1 14 60. 16 
~ 25. 02 16 61. 52 
2% 26. 91 18 62. 86 
24 28. 77 20 64.16 
22 39, 60 22 65. 44 
20 32. 41 24 66. 70 
1S 34. 20 25 67. 93 
16 35, 97 | 8 69.13 
14 37. 71 
12 39. 43 
10 41. 12 
Ss 42.78 
b 44. 42 
i 46.04 
“ 17.63 


aE. kK. Plyler and L. R. Blaine, unpublished work, 


observed and calculated values should be good to 
about +0.02-em-! absolute. Since the band = con- 
sists of a collection of no less than four overlapped 
bands, results are subject to being extremely resolu- 
tion sensitive and workers should not use lines exhib- 
iting pronounced overlap. (The R branch is com- 
paratively free of such difficulties. ) 


5.9. HBr Fundamental 


As shown in figures 8—A and S—B, this band was 
measured under considerably different. resolution. 
With the conditions describing figure 8—A, there was 
no evidence to the effect that the components arising 
from HBr® and HBr*' were being resolved out. 
This was done intentionally to see whether, when 
measured as a single peak, the frequency agreed with 
the average determined for each component under 


Absorption lines of vs fundamental of CO,!° 
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resolution approaching 0.05 em~!. The low resolu- 


tion single-peak frequency agreed with the high reso- 
lution average value to within 0.05 em™ on the 
average (See table 8). This relatively good agree- 
ment does indicate that the high resolution results 
are correct in the absolute sense and that apart from 
greater inability to determine the center of the single 


TABLE 8. Absorption lines of HBr? and HBr* together with 

















single unresolved peaks at lower resolution (2,390-2,750 
cm~) 
| | 
| This work high | This work low 
| resolution isoto- High resolution 
Serial | pic components; resolution | single peak 
aumber vem! (vac.) | average | »em-! (vac.) 
| observed | | observed 
abe cas SMEAR: ‘Conca 
Bré | 2, 392. 61 i} 
1 | REE) | Ree 
Bre 92.94 || 
Br& | 2, 412. 73 | 
2 | il 2, 412. 89 2, 412. 93 
Bre | 13.06 || 
Bret | 32. 43 | 
3 | | 32. 60 32. 65 
Bro | 32.77 || 
a1 | 51 73 | | 
; Br | 51.73 |} weal ‘ 
7 51.91 51. 94 
Br7? 52.08 |f | 
Br*! | 70.61 | | 
5 i 70. 79 | 70, 82 
Bri 70.97 || | 
| j | 
Br 89.08 |) | 
6 | 89. 26 | 89. 30 
Br’? 89. 43 { 
Br®! 2, 507. 11 
7 | 2, 507. 30 2, 507. 24 
Bro | 07.48 || 
Br?! 24. 71 |} 
s P 24. 90 24. 83 
Br79 25.08 || 
Bri 41. 87 | 
9 | 42.06 | 41.99 
Br 42.25 || 
Bré 74. 80 || " ney 
10 74. 99 74. 98 
Bri? 75.19 || | 
Bré! 90. 56 |) 
ll | 90. 76 90. 67 
Br79 90.95 | 
Bré 2, 605. 82 | | 
12 | 2, 606. 02 | 2, 605. 95 
Br79 06. 22 || 
; Br3! 20. 63 |} ; 
13 20. 83 20. 81 
Br’? 21.03 | } 
Bré! 34.92 |} A 
14 | 35.13 35. 03 
Br? 35.33 || | 
; Bré | 48.71 || e 
15 48. 92 48. 85 
Bri? 49.13 || 
Br 61.99 |] 
16 62.19 | 62.13 
Bre | 62.39 || | 
Br 74.76 |] 
17 74.97 |- 
Br? 75.19 || | 
Br 87.00 || | 
18 87. 20 ie 
Br’? 87. 41 | | 
Br8! 98. 68 } | 
19 98. 90 | 
Br? 99.11 || | 
Br&! 2, 709. 86 |] } 
20) > 2, 710. 07 | 
Br79 10. 29 | 
Br8 20. 48 |) 
2] 20. 68 
Br’ 20. 89 | 
Bré! 30. 51 |) 
22 30. 73 
Br? 30.95 || 
Bréi | 40.02 |} 
23 lp 40. 24 
Br7? } 40. 46 | 
Bro | 48.93 |] 
24 49, 16 
Br7 49.39 || 








peak (near 1-cm~' half-width), its frequency is given 
well enough by the component average. In table 8, 
the high resolution average of components is the 


TABLE 9. Absorption lines of HCl ‘ 


This work high This work high| This work low | M.,T., and W.s 


from 2,650 to 3,050 em} 




















recommended value for single peak use. Calculated Serial eee ere, | cet: | ehaaeed” 
. : , . ° number em! (vac. em! (vac.) em! (vac.) observed 
values were also determined for the high resolution observed | calculated observed 
results and the values given in the first column of - 
table 8 are believed tobe accurate to within +0.02- HCl 
cm! absolute. ae 
0 2, 651. 98 2,651. 98 oF 
5.10. HCl Fundamental 1 » aiid oe 95 
The spectrum illustrated in figure 9 was recorded | 3 52.05 a 15 OL 
under low resolution and the entire band shown in o5.07 =; “85 77 
this way for the sake of compression. Figure 8-B | aoe PR a at 
shows 3 lines of the band under high resolution. | s 78. 63 ear 60 63 
The band was measured on both instruments in this | * sail 6 . 
laboratory and results are compared with values | 0 oe 4 mee oe = 
reported by Mills, Thompson, and Williams [28] 12 14.92 92 , 99 
(see table 9). Molecular constants were obtained | 4} gen 02 sis “08 
from the high resolution observations and calculated “ee ' ; 
line frequencies agree well with the observed. In rt 3,014.44 3,014.44 “30 
general, the high resolution results of this work fall | |; 13.07 08 03 15 
between the low resolution values and those of — 
Mills, Thompson, and Williams. The high resolu- Hep 
tion work does not, however, represent precision - 
measurement, since the lines were measured at | 4 2. 650, 23 2, 650). 24 17 
medium-fast scan in order to appropriately cover |! are ota tan ms 7 
this extremely wide band in reasonable time. The | 3 "25.98 98 05 - 90 
observed values given in the table for the high | * oe si ( 
resolution work are to be preferred and represent | ° gb oe feos os 
the best possible set. These values should be good | 7 2,819. 57 2,819. 57 |--...- a6 
to about +0.02-cm™! absolute. (Future precision | ¢ 6302 03 06 
measurements are contemplated for this band.) i sa cemees ‘a 07 
11 23. 74 74 9 74 
5.11. Methane, », Band 2 pe = = 4 
The R branch of this band and some of the lower-J |” ws on 
lines of the P branch are fairly suitable for providing 3; 2,012.15 3,012.14 I "23 
calibration points in this region. However, care | ie Lo és “8 
should be exercised to the extent of staying within the os rw 
bounds of the resolution illustrated in figure 10. . Mills. Thompson and Williamsf 28 
WAVE NUMBER,cm—! 
2900 2800 2700 
y HCl 
2 
© 
b— 
i | 
3 
% Py prod} 
| 14 e 
FIGuRE 9 Absorption hand of HC 1 recorded in the second order of a 5,000 lines/in. grating with 20-cm pressure and 5-cm poth. 
Spectral slit width about 1.0 cm Weak atmospheric water lines of the 2v2 band begin to appear at the high frequency end 
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FiGuRE LO. 


Spectral slit width about 0.9 em-! 


Under higher resolution the lines begin to break up, 
P 4, for example, shows four components within 0.37 
em! and frequency allocation becomes difficult. 
The values are listed in table 10 and strongest com- 
ponents should be used where indicated. 


5.12. Acetylene Bands Near 3,300 cm”! 


The spectrogram of figure 11 gives a rather inter- 
esting comparison of lines and peaks under consider- 
ably differing resolution. The scale on the lower 


2,900 to 8,170 


TaBLE 10. Absorption lines of methane from 


cm} 
3 
Plyler, Blaine, Plyler, Blaine, 
Line ind Nowak ® Line and Nowak 4 
number vem! (vae.) number yem vae 
observed observed 
P12 b 2,895.18 RO 3, 02K. $4 
11 b 2, 906. 72 1 38. 58 
10 » 16. 36 2 48. 25 
q 26. 86 3 57. 79 
s 37. 34 4 67. 30 
7 47. 92 5 76. 74 
58. 20 th SH, O2 
5 OS. 67 7 95. 22 
$ 79. 00 S 3, 104. 36 
3 88. 27 9 13. 42 
2 O49 10 10 22. 46 
11 31.39 
12 40), 20 
13 48, 95 
14 57.61 
ig 66, 20 


* Plyler, Blaine, and Nowak [11] 
Frequency of strongest component, 


228863 ou } 


The v2, fundamental of methane recorded with a 7,500 lines/in. grating with 10-cm pressure and 5-cm path. 


. certain weak lines occurring between methane lines are part of the 2v, band of atmospheric water vapor. 


panel, though close to that of the upper one differs 
somewhat and is indicated by the tie lines. The 
values listed in table 11 indicate the rather re- 
markable feature that even under considerably lower 
resolution single or symmetrical lines can still be 
accurately measured. The high resolution measure- 
ments were made with fringes and the grating circle 


was used for the lower resolution measurements. 


In two cases (lines 6 and 7; 20 and 21), two closely 


spaced and nearly equal intensity components were 


4] 


measured as a single peak and this value compared 
with the average of the two components. As in the 
case of HBr, the agreement is quite satisfactory. 
The results of this work are compared with values 
reported by Christensen, Eaton, Green, and Thomp- 
son (see ref. [23]). 


5.13. Water and Carbon Dioxide Bands Near 3,700 
—1 


cm™ 
The spectrogram (fig. 12—A), illustrating the 


atmospheric absorption in this region, was recorded 
with the low resolution instrument so that results 
would approximate those attainable with small 
grating intruments. The indicated lines were meas- 
ured under these conditions and in table 12—A the 
results are compared with the high resolution and 
high precision work of Plyler and Tidwell [29]. 
The agreement is satisfactory and indicates that 
even with lower resolution, good measurements in 
the order of 1 part in 100,000 can still be made. The 
higher resolution numbers are the recommended 
ones and if more frequent calibrating points are 
required, workers should make use of reference [29]. 
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FIGURE 11. 


The upper spectrogram was recorded with a 10,000 lines/in. grating singly passe 
Spectral slit widths about 0.10 and 0.8 em-!, 


second order of a 5,000 lines/in. grating with 4-cm pressure and 5-cm path. 
of the 2v2 band are denoted by open circles. 


d with 1.5-em pressure and 5-em path. 
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The two absorption bands of acetylene near 38,300 cm-! compared under high and lower resolution. 


The lower spectrogram was recorded in the 
respectively. 


Atmospheric water lines 








TABLE 11. Absorption bands of acetylene (2 bands) from 3,200 5.14. CO.. 021. and 101 Bands 
to 3,380 em=! i 
ee aes ae Plyler and Tidwell (see ref. [29]) report the precise 
a | C.E.G,anq | Measurement of many of these lines. Certain others, 
Serial medium-high — | This work low resolution | T b medium which could not be measured due to overlapping 
number } resolution » em! vy cm! (vac.) observed | resolution »v em~! : ° ‘ 
atameeed. 3 fount abana water lines, are not listed in table 12—B. Most of 
——— = - these lines are good to about +£0.02 em7!. The two 
2| 3,219.42 (11,0) “4 bands are illustrated in figure 12-B as recorded with 
4 | 80.73 " 72 a nitrogen-purged small grating instrument with 
ci meee sinae Lakes 2 sgsgo) COs in a cell. (The spectrogram was recorded by 
1 nie “ Dr. Norman Jones, National Research Council, 
8 30.71 "82°" Glightly blended 65 Ottawa, Canada.) 
4 56. 50 are en . 56 
nl ea ee 2% 5.15. CH, »,-+»; Band 
“ ma no o From the end of the P branch of the CO harmonic 
= eH 14 eo to the beginning of the vw; water vapor band there is 
16| 95.88 “80 83 a gap of about 100 em-!. There is a band of acety- 
17} 3300.46 as lene of medium intensity that falls in this region 
= Sioa ue (4,039 to 4,130 em~!). This band is overlapped by 
20 22.41 *22.59 | 22. 62 09. 44 four weaker bands and when measured with low 
: ii pressure and high resolution many lines are observed 
= vongroe 31 “4 [30]. When a pressure of 1 atm. is used in a 10-em 
24 39.83 Fe tenet oe cell, the smaller bands are not observed and = the 
26 18.23 ite OS P and PR branches of the band stand out clearly. A 
- ~~ | number of the strong lines were measured under 
29 61.67 (HO) |. both high and low pressures and the values agreed 
mad sles | closely. The numbers listed in table 13 are the 
oe a : ~ | results of the low pressure measurements. The 


* Average of two components of near!y equal intensity. 


b Christensen, 


Eaton, Green, 


ind Thompson 


(23). 


) 


spectrum is shown in figure 13. 
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Froure 12-A. Atmospheric absorption bands of H20 and COQ» in the 3,700-cem-! reqion recorded under intermediate resolution in 
the second order of a 5,000 lines/in. grating. 
The path was 7 m with 48 percent humidity at 23° C. Spectral slit width about 0.7 em~!, 
Tapie 12—-A. Absorption lines of water from 3,400 to 4,000 | Taste 12-B. Some precisely measured CQ, lines of the 021 
cm7! | and 101 bands at 3,609 and 3,716 cm=} 
» : | c — —————— ST 
Line serial High resolution | Intermediate resolu- | Plylerand || Plyler and 
? number Plyler and Tidwell 4 tion this work | Line Tidwell * Line | Tidwell» 
4 vy em-! (vae.) vem! (vae.) | number | »em-! (vac.) |} number | v cm! (vac.) 
f observed observed observed observed 
3, 397. 20 | 021 Band 
l l 3, 447.20 (7.03) 3, 447. 21 a a See eee ee ee 
2 96. 63 96. 62 | | 
3 | 3,518.97 3, 519. 05 P38 3, 579. 34 || R2| (3, 615. 25) 
T 1 | (2 components) | 36.44 avg 36 81.31 10 | (21.17) 
5 | | 57. 21 32 | 85. 21 12 | 22. 50 
' 26 | 90. 78 14 23. 93 
6 70. 54 70. 48 24 92. 65 16 | 25. 27 
7 76.89 
77.06 avg | 77.02 avg 22 94, 42 26 31. 85 
77. 23 | 20 (96. 22) 40 40. 00 
S 3, 603. OS | 3,602.98 (complex 16 | 99. 74 } 
9 38.15 14 3, 601. 40 
: 10 59. 94 59. 94 10 04. 81 
. 10-A(CO2 98. 00 98. 08 8 06, 48 
11 3, 701. 90 6 08. 07 
12 3, 714.81 3, 714. 82 | es 
Is | 79. 38 | —— — 
14 3, 835. 06 | 101 Band 
| ——. 
15 80. 52 
15-A 3, 883. 26 83. 32 | P 36 3, 682. 78 R6 3, 720. OV 
16 3, 920. 10 3, 920. 28 32 86. 74 10 22. 90 
17 42. 86 26 92. 46 12 24. 35 
18 53. 11 53. 22 24 94, 34 14 | (25. 72 
20 98. 00 18 28. 42 
19 69.15 69.16 
2) 00. 72 00.74 18 | 99. 79 20 | 29. 73 
21 4, O08. 59 4, 008. 59 | 14 | 3, 703. 29 22 | 31.01 
22 44.90 2 | 12 05, 02 26 | 33. 48 
10 06.70 
® Plyler and Tidwell [29]. | 8 08. 38 


® Plyler and Tidwell [29]. 
Values in parentheses indicate lines which may be overlapped by water lines. 
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WAVE NUMBER, cm7! 


FIGURE 12-B. The 021 and 101 bands of CQ, recorded with a purged small grating tnstrument. 
25-em pressure for both bands 


The CO» was contained in a 10-em cell at 2! slit width about 0.30 em 


Spectral 


The v;+-v; band of acetylene recorded with a 15,000 lines/in. grating singly passed with 1-atm pressure and 10-cm path 


slit width about 0.08 em 


ae 


Spectral 


TaBLE 13. Absorption lines of acetylene from 4,040 to 4,130 | Tasur 14 Absorption lines of the 2-0 harmonic band of CO 








cmt from 4,100 to 4,840 em- 
| 
Previous work Previous work | Plyler, Allen,) Rank et al.> Plyler, Allen, | Rank et al.> 
Line this laboratory Line this laboratory Line and Tidwell! ® » em! (vae. Line and Tidwell *) »y em! (vac.) 
number vy em! (vac.) number v em! (vae, } number | » em! (vae.) observed number | » em-! (vae.) | observed 
observed observed observed observed 
P3 1, OS4. 14 R17. 1,130.10 P 27 $, 132.19 RO 4, 263. 842 838 
11 64, 58 15 26. 91 26 37.79 | 770 1 67. 548 | . 542 
15 54. 52 13 22. 63 25 ae fc. 2 71. 182 | .179 
17 419. 36 11 18. 30 24 48.817 | 3 74.750 . 743 
21 38. 95 y 14. 04 23 54. 234 | 4 78. 235 . 234 
7 69. 47 22 59. 564 5 81. 655 . 61 
5 04, YS 21 64. 852 6 85. 013 O10 
3 4, 100. 47 20 70. 066 . 058 7 88. 298 | . 23 
| 4.005, 84 19 | 75. 212 204 8 91.512 500 
18 | 80. 286 285 y 94. 639 aed eee 
| 
17 85. 302 298 10 OF 708 be) oe ees 
16 ). 234 242 11 4, 300. 712 |__- luce ceaee 
1S 95. 120 e 12 03. 614 eee eee 
- 14 99. 931 z 13 OG. 482 — 
5.16. CO Harmonic Band 13 4, 204. 673 14 09. 262 | 257 
12 09. 356 : 15 11. 969 962 
ry. 1 ° 9 « ¢ . es roy 
The CO harmonic band at 2.34 uw has been meas- — oe ~ ae . 
ured very accurately by Rank and his colleagues 9 22. 974 954 18 | 19. 665 | 650 
> 5 : c : S 27. 371 | 19 22. O85 | 065 
(see ref. [14]) and also by Plyler, Allen, and Tidwell | | 
(see ref. [15]). This band is one of the few which : eee = = 
have been measured in the infrared to such a preci- 5 16. 150 22 
. . } 44.278 207 23 
sion that the reported frequencies are accurate to a 3 ‘8, 330 4 
few thousandths of a em !. This spectrum was - ‘oiitine = = 
measured with a 60-cm cell and 20-cm pressure, but 56, 226 ; 26 
. ~ . > . 2 27 
a 10-cm cell with 50-em pressure is sufficient for 28 
° - » tamer Ts . re sc ry. 7" . mee 29 
observing forty lines of this band. The spectrum is sah 
shown in figure 14 and the frequencies are listed in — Beit 
| | ‘ a Plyler, Allen, and Tidwell [15] 
table 14. Rank et al. [14] 
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FiGuRE 14 The 2-0 band of CO recorded with a 15,000 lines/in. grating with 20-cm pressure and 60-em path. 


Spectral slit width about 0.15 em-!, 


5.17. N.O. 2», Band and Hot Band There is an overlapping structure of weak lines and 
only those lines were measured which appeared in 
the open. This band can be resolved by a small 
erating instrument if a photoconducting cell is used 
os ae ed a ie as the detector and could be used as an alternate 
shown in figure 15 and table 15. Thompson and | #5 Bitiy in this region. Also there are several regions 
Williams [31] had previously measured this band and | where lines are closely grouped and the band can be 
their values are used to compare with the results ob- | used to check instrumental performance and resolu- 
tained in this work. The lines which have been | tion. The measurements of Thompson and Williams 
measured are noted by a dot on the spectrogram. | agree, on the average, to within +0.04 em! of the 


45 


The 2», band of NO has been measured in the 


region from 2,520 to 2,580 em?! and the results are 
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Figure 15. The 2r; 


hand (2564 em) of N2O together with the hot band (2y;+-v2— v2, 


2577 cm) recorded with a 10,000 lines/in. 


grating with 2-mm pressure and 6-m path. 


Spectral slit width about 0.08 em=~! 


TABLE 15. Absorption lines of NO from 2,520 to 2,580 cm— 


Thompson and 


j } 
A gee } Lape 
J } This work Williams 4 
|» cm! (vac.) vy cm! (vac.) 
| observed obs. laboratory 
P 45 2 519. 01 05 
43 | 21. 27 29 
41 | 23. 50 52 
39 25.71 72 
37 | 27. 87 88 
| 
35 30. 03 . 03 
33 32.15 mf 
31 34. 25 Be f 
29 36. 31 .35 
27 38. 37 41 
25 40. 38 42 
23 42. 38 - 42 
21 44. 34 38 
19 46. 27 sy} 
17 48.19 23 
15 50. 07 13 
13 51. 92 2.01 (1.97 calc.) 
RO 2, 564. 18 24 
r § 69. 82 ~ 86 
1} 72. 87 . 94 
13 74. 38 45 
16 76. 56 9 
18 77.99 8. 04 





@ Thompson and Williams [31]. 

values in this work. There is a small shift in the 
direction of lower frequency of all the values of the 
present measurements. An average of the two sets 
of values would probably be correct to +0.03 ¢m~', 
which should be entirely adequate for calibrating 
medium resolution instruments. 


5.18. NH;, 


v, Fundamental 


This band is being included as an alternate to 
the 6-~ water band and should prove of some use to 
workers who wish to flush their instruments or use 
double-beam operation to study samples contained 
in cells. Dr. W. 5. Benedict, of the Johns Hopkins 


The dots denote the measured and tabulated lines. 


University, has picked out of the band (in accordance 
with the resolution illustrated in fig. 16) some 19 
single or not-too-complex absorption peaks and has 
determined the best possible frequencies from the 
| higher resolution results of Garing and Nielsen (see 
| ref. [24]) and unpublished results from the Nationa! 
Bureau of Standards Laboratory. The results of 
these two works agree to within about +0.02 em", 
The frequency assigned to certain absorption peaks 
which appear single in figure 16 but which actually 
consist of several components is, of course, no longer 


applicable if the peak is broken up into its com- 
ponents under. slightly higher resolutton. (The 
letter S in figure 16 indicates a single line.) No 


table accompanies this spectrogram but instead the 


acceptable values which are probably good to + 0.02 
em! for single lines and off by as much as + 0.2 
cm? for some complex lines, have been printed on 
the illustration. For calibration purposes, the ps 
water lines (see table 5) are considerably better than 
the lines of this band. (The spectrogram was 
recorded by Dr. Norman Jones, National Research 


Council, Ottawa, Canada.) 


6. Polystyrene Film 


In 1950 Plyler and Peters (see ref. [7]) measured 
the infrared absorption spectrum of polystyrene on 
instrument and certain bands were sug- 


a grating 

gested for use in calibrating prism instruments. 
Since that time, films of polystyrene have been 
widely used in many laboratories and it has been 


found very useful in checking the calibration of an 
instrument in certain regions to ascertain if there 
are any changes in the reading of the wavelength 
or frequency scale of the instrument. There is a 
question as to the suitability of polystyrene for a 
calibrating material as it is not completely stable 
and has a different absorption spectrum when it 
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FIGURE 16. 


Certain strong lines of the v2 water band still appear. 


ages. Also different batches of the material may 
show differences in absorption. The variation in 
the absorption spectrum of different films can 


easily be demonstrated, but the strong bands are 
not appreciably changed in wavelength by age or 
the origin of the film. In this work, we checked a 
film which had been made ten years ago and it 
showed no appreciable shifts in the absorption bands. 
Kight bands from 6 to 14.4 uw have been remeasured 
and the results are compared with the previous 
measurements of 1950 and the additional measure- 
ments of Plyler, Blaine, and Nowak (see ref. {11]) in 
1957. The spectrum is shown in figure 17 and the 
wavelengths and wave numbers in vacuum are listed 
in table 16. When the faces of the film are parallel, 
interference fringes appear but these usually occur 
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A gas pressure of 7.5 em in a 10-em cell was used. 


The vs band of NH, at 1628 em-! recorded with a nitrogen-purged small grating instrument. 
Spectral slit width about 0.50 cm-|, 


TABLE 16. Polystyrene absorption bands 


Previous 


measurement | 


wavelength 
(air) w 


3. 3026 
. 422 
507 
138 
343 
549 
6. 238 


gn on 69 Oo 


on 


6. 692 
8. 662 


9. 724 


11. 035 


10 11 





| New measure- 
} ment this 

| work wave- 

|} length (air) 


This work 
cm-~! (vac.) 


6, 2427 1, 601. 45 
6. 3151 1, 583. 0s 
Saginit 1, 181. 50 
8. 6626 | 1, 154. Og 
9. 3524 | 1, 068. 9 
9. 7226 1) 028. 26 
11. 02S 906. 5o 
14. 316 698. 33 
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Infrared absorption spectrum, from 2 to 15 p, of a 50-p film of polystyrene recorded with a rock-salt prism instrument. 











between 4 and 6 u for a 50-y film and do not change 
the position of the bands beyond 6u. The small 
band at 6.3151 u, which is on the long wavelength 
side of the strong band at 6.24u, is completely 
resolved by a low resolution grating instrument and 
is not overlapped by atmospheric water lines. It 
should be useful for calibration in this region. The 
strong band at 14.316 w~ was measured with a film 
of S8-u thickness and with this film the maximum 


of absorption could be accurately determined. It is 
estimated that the bands listed in table 16 are 
accurate to +0.3em7! and should be useful in 


calibrating low resolution instruments, but should 
not be considered as being of the same order of 
accuracy as the molecular vapor bands. In measur- 
ing the polystyrene bands, the center was determined 
near the *-absorption point for symmetrical bands 
and reference should be made to this point when 
making use of the numbers in table 16. 


7. Summary 


The rather “popular” ammomia band at 3 » was 
not used in this work because of its resolution 
sensitiveness and also because of temperature and 
pressure effects. For example, there are 12 com- 
ponents in the P 8 “line” extending over 1.5 em7'. 
Under low resolution (see ref. [11]) the Y branch, 
which extends over 5.5 em™ and consists of hundreds 
of lines is probably good to 0.5 em™. 

The 16-u coverage may be appropriately extended 
by making use of frequency values reported by 
Lakshmi, Rao, and Nielsen [32] for NeO. In this 
work, we have checked Rao’s measurements on the 
15-u COs band and feel that if the same techniques 
were used on the NO measurements, then these 
numbers may be used. Considering the lower 
resolution used by the Japanese workers (see ref. 
[12]) on this band, the agreement with values report- 
ed in [32] above is quite good. 

At the high frequency end, we have already given 
reference to the work of Rank and coworkers on 
HCN (see ref. [16]) and wish to include also the 
grating work on H.O vapor at 1.9 » and on CH, at 
2.2 was given in reference [8]. 

The calibrating values given in this report should 
make it easier for infrared spectroscopists to obtain 
accurate measurements in the region from 2 to 16 u. 
As further measurements are carried out in other 
laboratories, there will be more values for inter- 
comparison and it should be possible to obtain 
calculated values for certain bands which would be 
more accurate than the observed values from any 
one laboratory. No recommended frequencies repre- 
senting properly weighted averages of the work of 
several laboratories have been given, but this may 
be done at a later date when more data are available. 
It is hoped that spectroscopists will send new data 
of this tvpe to the authors for wavelength standards 
so that it may be incorporated in a future report. 
It is also requested that any corrections or suggested 
changes be communicated t» the authors. 
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Instruments and methods have been developed and are described for the measurement 


of heats of reaction between fluorine and other gaseous materials. 


Verification of the 


amount of reaction of hydrogenous materials is possible. The estimated accuracy of 


measurements is about 0.3 percent. 
be applied for hydrogen fluoride nonideality 
of hydrogen fluoride is found to be — 64.44 
fluorine With ammonia. 


1. Introduction 


For the determination of the heat of formation 
of a compound from its elements, the study of suit- 
able reactions involving directly each of the indi- 
vidual elements is essential. In some cases the 
heat of formation of a given substance may be 
obtained by measuring the heat of a single reaction, 
for example, 


C(c, graphite) + O.(g)-CO.(qg). 


In general, however, it is necessary to combine the 
heats of several reactions, as for example 


CO(g) + 202(g) ~CO2(q) 


((e, graphite) +0.(g) CO, (q) 


Cc, graphite) + 30.(qg) ~CO(q) 

Since the measured heat of each reaction used in 
calculating the heat of formation of a given compound 
may be subject to unknown experimental error, 
confirmation of the result by essentially different 
procedures; Le., by combination of the heats of 
different sets of reactions permits greater confidence 
to be placed in the value obtained. Such confirma- 
tion is especially valuable in dealing with a group 
of compounds for which satisfactory procedures for 
measurements of heats of reaction have not been 
established, as they have been, for example, for 
combustion in oxygen of carbon-hydrogen-oxygen 
compounds. 

Fluorine compounds furnish an example of such a 
group. In this group many of the methods of 
measurement of heats of reaction are subject to 
great) experimental difficulties, and consequently, 
the values obtained for the heats of such reactions 
are subject to relatively large uncertainties. This 
is particularly true for reactions involving elemental 
“14 he work described here was largely carried out under the sponsorship of the 
Ordnance Corps, Department of the Army, and the Wright Air Development 


Center, Department of the Air Force under contracts D of A 599-01-OR D-004, 
AF 33(616)-53-15, and A F 33(616)-56-20 
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Lack of certainty of the magnitude of corrections to 


an important factor. The heat of formation 
25 keal/mole on the basis of the reaction of 


fluorine. The development of valid procedures for 
accurate determination of heats of reaction involving 
elemental fluorine, therefore, promises valuable 
improvements in the reliability of heats of formation 
of fluorine-containing compounds. The _ potential 
usefulness of such procedures is augmented by the 
fact that fluorine, the most active nonmetal, reacts 
vigorously with most elements and with very many 
compounds, and thus the development of such pro- 
cedures would open a wide area of possible reaction 
study. Finally, fluorine, as a monovalent element 
forms some compounds differing considerably in 
physical characteristics from the corresponding oxy- 
gen compounds, and thus opens up avenues of ap- 
proach to compounds accessible only with difficulty 
by the use of oxygen. 

The development of procedures for the direct 
utilization of fluorine as an oxidizer in combustion 
calorimetry has been retarded by certain obvious 
difficulties: the difficulty of finding suitable con- 
tainers for the reaction processes, so as to avoid side 
reactions with the apparatus itself; the difficulty of 
obtaining pure fluorine; the difficulty of handling 
fluorine safely because of its toxicity and its corrosive 
effects on equipment. Despite these difficulties a 
limited number of thermal studies of reactions have 
been carried out with elemental fluorine, which have 
provided the present basis of the thermochemistry 
of fluorine compounds. See for example, studies of 
the reaction of fluorine with hydrogen by von War- 
tenberg and Fitzner [1],27. von Wartenberg and 
Schiitza [2], Ruff and Menzel [3]; and the reaction of 
fluorine with carbon by von Wartenberg and Schiitte 
[4]. With the exception of the latter difficult and, 
as was shown later, not very accurate experiment on 
the combustion of charcoal, all of the experiments 
mentioned involved fluorine as the minor constit- 
uent, a procedure which avoids part of the difficulties 
mentioned above but severely limits the general 
applicability of the reactions. Thus for example, 
the study of the combustion of hydrocarbons by 
this process would be very difficult because of the 


» Figures in brackets indi¢hte the literature references at the end of this paper. 








multiplicity of products. At the same time, impuri- 
ties in the fluorine would react where possible, 
whereas they would be excluded by their lesser 
reactivity from reaction in an excess of fluorine. 

A considerable improvement in technique and 
materials for handling fluorine has occurred since 
those pioneering investigations, made under great 
difficulty, so that the "development of accurate 
methods for reaction calorimetry of fluorine is now 
possible and practical, either by constant-volume 
bomb or constant-pressure flame processes. A 
series of research tasks carried out at NBS during 
the course of several years demonstrates the feasi- 
bility, in particular, of the constant-pressure flame 
calorimeter employing fluorine as the oxidizing 
atmosphere, indicates specific aspects of some prob- 
lems encountered, and delineates procedures which 
appear to have general applicability in the solution 
of these problems. The procedures are discussed in 
detail in later sections of this paper. It not 
claimed by any means that flame combustion calo- 
rimetry with fluorine can at present give results of 


is 


accuracy comparable with the oxygen flame calo- 
rimeter in systems which have been most carefully 
studied. The accuracy of the fluorine flame calo- 


is of the order of 0.3 percent, compared to 
0.01 percent under the best circumstances for the 
oxygen fiame calorimeter [5]. The difference should 
not be taken as an indication of the relative ultimate 
accuracy obtainable, but rather of the present rela- 
tive states of development of experimental techniques 
for handling the reactions involved. 

Some general features of fluorine combustion sys- 
tems may be pointed out, providing a key to the 
methods which have been adopted. Hydrogenous 
materials and some other substances generally ignite 
spontaneously at room temperature in an atmosphere 
of fluorine. This hypergolic behavior renders initia- 
tion of reaction easy except for those substances 
having a long induction period (notably hydrogen 
itself) which may detonate because of appreciable 
premixing before ignition unless an ignition device is 
provided. On the other hand, the premixing of fuel 
and oxidizer is not feasible, and so a diffusion flame 
must be used, with some resulting problems in burner 
design to achieve complete combustion. The flame 
once initiated may be expected to continue to burn 
in excess fluorine even when the concentration of 
fuel in the entering gases is extremely small, allowing 
a thorough flushing of the fuel flow lines, and also 
permitting extension of the method to the combus- 
tion of volatile liquids which may be vaporized into 
a gas stream for admittance to the burner. Hydro- 
gen, as a constituent of a fuel, rapidly and completely 
combines with fluorine to form hydrogen fluoride, 
which can readily be quantitatively absorbed and 
weighed to obtain a confirmation of the amount of 
reaction. Some specific problems also arise in the 
interpretation of heat measurements because of the 
extreme nonideality of hydrogen fluoride gas. 

In the discussion which follows are given details of 
instruments and methods which have been used in 
studies of fluorine flame calorimetry at the National 


rimeter 


| Bureau of Standards, a discussion of the problem of 


; On 


the nonideality of hydrogen fluoride, and comments 
the findings of studies of the combustion in 
several particular systems. 


2. Instruments and Methods 


The calorimetric method used resembles in mi: ny 


respects the procedure described by Rossini [5] for 


Pai 
| gen. 


' stream 
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the combustion of hydrogen and other gases in OXYV- 
In brief outline the process is as follows: a 
weighed sample of fuel is introduced at a uniform 
rate eee a burner in which is flowing a continuous 
of fluorine in excess. The burner and the 
aan chamber of which it forms a part, are 
submerged in a water-filled, weighed, well-stirred 
ne 95 inside a constant temperature enclosure 
“jacket’’), from which it is insulated by an airspace. 
panies. fluoride (if formed) and perhaps other 
products are collected and their amounts determined. 
The temperature rise of the calorimeter, the e nergy- 
egy of the calorimeter, and the quantity of 

action determined from the measured quantities of 

eactants and products, together with certain correc- 
ane, are used for the calculation of the heat of 
reaction for unit quantity of reactant. 


‘ 
« 


2.1. Calorimeter and Burner 


\ diagram of the burner and combustion chamber 
used in the calorimetric work is shown in figure 1. 





mM 


Fat 





pe 
sips: a 
95 - 
1S a / 
IF ae a 
=| = 
] | Prieeeee : ae 
x Ht acm: 
| Cw w 
" 8B 
yd 
; A 
Figure 1. Burner for fluorine flame calorimetry. 


and helium flow lines; D, combustion chamber exit; 


1, 2B, C, fuel, fluorine, 
J, heat inter- 


I, burner chamber; F, burner tip; G, monel coil; 17, Teflon gasket; 
changer for incoming : ind outgoing gases. 


The gases entering the calorimeter pass through the 


interchanger J and are then brought to the burner F 


through concentric openings. Fuel enters through 
copper tube A. Fluorine in tube B enters the com- 
bustion chamber £ through an orifice in the base 
plate. In the combustion of hydrocarbons in fluorine 
in a Monel or copper burner, carbon formation is 
very considerable if the flame is in contact with the 
metal [6]. An annular stream of helium is therefore 
introduced through tube C surrounding the fuel 
orifice in order to prevent such contact and inhibit 
carbon formation. The gases leave the combustion 
chamber at ) through a Monel tube wound in a coil 
G from which they pass to the interchanger J again 
and are brought to the temperature of the ente ring 
gases before leaving the calorimeter. The combus- 
tion chamber and its base plate are made of copper. 
A Teflon gasket /7 seals the joint between the com- 
bustion chamber body and base and permits dis- 
assembly of the chamber for inspection and cleaning. 

An exploratory burner similar in general outline 
to the above but differing in details is used for pre- 
liminary studies. The combustion chamber of the 
exploratory burner has a replaceable glass window 
through which the flame can be observed for short 
periods of time and has two electrodes for ignition of 
the flame when necessary. If ignition of the flame 
by spark or hot wire necessary, it should be 
anticipated that any fine wires used in the igniter 
will burn back to their contacts with a massive metal 
surface. 

For calorimetric work the combustion chamber and 
most of the interchanger are immersed in the stirred 
water of a calorimeter similar to that described by 
The calorimeter is in an airspace sub- 
merged in a well-stirred constant-temperature water 
jacket. The water jacket is kept isothermal to a few 
thousandths of a degree by an electronic thermo- 
regulator having a temperature-sensitive resistor as 
a sensing element. Temperatures are measured by a 
platinum resistance thermometer, immersed in the 


Is 





water surrounding the burner. ‘Temperatures can 
be read reproducibly to 0.0001° C, but in these 


experiments the errors from other sources make tem- 
perature differences less than 0.001° C insignificant, 


2.2. Gas Flow System 


A typical diagram of gas flow lines of the combus- 
tion system Is shown in figure 2, as used for a study 


of the combustion of methane in oxygen-fluorine 
mixtures |S}. Flow lines for other combustion 
systems may be similar but are adapted to the 


particular properties of the gases to be handled. 
Where oxygen is not desired in the combustion the 
specific flow lines required to introduce it are omitted. 
Gas supplies shown in the figure are fluorine, A; 
helium, B and D; oxygen, C; and fuel, #. Flow 
rates of helium, fluorine, oxygen, and other gases 
drawn from large tanks are regulated by small 
mechanical regulators as indicated at J and A which 
act to keep constant pressure differentials across 
valves immediately following the regulators. Fluorine 
metered by a calibrated orifice meter L using 
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Kel-F No. 1 oil as an indicating liquid. Oxygen and 
helium are metered by float-type flowmeters M 
and N. Metering and flow rate control are relatively 
simple for these gases because the tank pressure does 

not change very much during a run. The fuel, 
however, is drawn from a small sample bulb suitable 
for weighing. If it is present as a gas, a large fraction, 

pe rhaps 2/3 is drawn from the bulb in each expe ri- 
ment. For the most careful work it would be 
desirable to have the rs of temperature rise, and 
therefore, the rate of fuel flow constant during the 
combustion period. However, the large changes of 
pressure make the problem of obtaining constant flow 
rate somewhat difficult. A suitable flow rate 
controller had not been satisfactorily developed in 
time to use for the experiments thus far described, so 
that some sacrifice of flow rate constancy was made. 

In the case of a condensable gas such as ammonia, 

fairly good pressure and hence flow regulation is 
obtained by keeping the fuel as a liquid at constant 
temperature. Provision for a flow regulator for the 
fuelisshownat ?. However, in the experiments thus 
far performed a needle valve is at P. In addition to 
separating the flame from the burner, helium is also 
used to purge the lines. Tank B is used to clear 
fluorine from the flow system as a whole in prepara- 
tion for opening; tank D is used to carry all fuel 
released from bulb E into the burner for combustion. 
To this end, the fuel flow lines are made of small 
diameter tubing and connecting components are 
designed to minimize entrapment of gas. To reduce 
introduction of impurities into the burner to a 
minimum, fluorine passes through an NaF trap F 
which removes HF. In most of the experiments a 


| similar trap (not shown) was immersed in a dry 


ice-alcohol bath immediately following trap L to 
remove Kel-F vapors which may be carried from 
the flowmeter. A drying tube G containing calcium 


| sulfate is used to dry oxygen. 


| 
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The calorimeter is shown without detail at RP. 
A trap U’ in the flow line immediately following the 
calorimeter is packed with sodium fluoride pellets 
prepared in an active form for absorbing hydrogen 
fluoride by heating sodium bifluoride pellets to 
approximately 400° C in a stream of nitrogen. Trap 
U can be reactivated several times before. refilling is 
required. This trap quantitatively absorbs hydrogen 
fluoride which is determined by weighing. To reduce 
collection of unwanted materials, flowing 
through the calorimeter bypass this trap through 
valve 7 except during the combustion reaction and 
subsequent flushing of the burner chamber. 

A tee in the flow line immediately following the 
sodium fluoride trap Ul’ permits attachment of an 
evacuated glass bulb V, containing a little mercury, 
for collecting a sample of product gases during a 
run. Beyond the tee the gases pass through a 
bubbler W of glass containing Kel-F oil. The pur- 
pose of the bubbler is to prevent possible suction of 
outside gases into the sample bulb when drawing a 
sample of combustion products. The gases finally 
pass into a fluorine absorbing tower X of Monel 
tubing with a welded Monel bottom, packed with 
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Schematic flow diagram of gases in fluorine flame calorimetry. 


A, fluorine; P, C, helium; D, oxygen; F, fuel; F, hydrogen fluoride trap; G, drying tube; /7, connection for purging fuel lines; J, A, mechanical flow regulators; 


L, orifice-type flowmeter for fluorine; \/, N, float-type flowmeters; P, fuel flow regulator; 7, 


V, gas product sample collector; WW’, bubbler; Y, fluorine absorbing tower 


granular soda-lime. The gases pass upward through 
the packing. The soda-lime tower becomes hot to 
the touch during an experiment, the position of the 
hot spot serving to indicate the degree of exhaustion 
of the packing. The effluent gases are released into 
a laboratory hood, but no odor of fluorine is ordi- 
narily detected from this source. A bypass 
provided from directly before the calorimeter to the 
soda-lime absorber, valve S, permitting fluorine to 
be diverted from the calorimeter and traps. This 
precaution was found to be desirable to permit 
quick cleaning up of the system in case of line 
blockages, which were not infrequent. 

The flow lines may be of copper but are preferably 
of heavy-wall Monel tubing, despite the greater 
difficulty of bending the latter. Connections are 
silver soldered where solder is necessary. A com- 
mercial Monel compression-type fitting and com- 
mercial Monel valves with Teflon packing have been 
found satisfactory in some flow lines involving 
fluorine. Where small valve volume is desirable as 
in the lines through which fuel and products flow, 
Monel or stainless steel valves [9] of a design due to 
H. F. Stimson of NBS have been found satisfactory. 
Connections to these valves and in other places 
where easy disassembly is desirable are made with 
small cone fittings. 


Is 


2.3. Analysis of Fluorine 


Because of the difficulty of obtaining very pure 
fluorine, analysis is desirable in order to be sure 
whether any factor modifying the experiment. 1 
present. For the accuracy required here fluorine of 
reasonably good (97 to 99 pereent) purity can be 
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calorimeter; S, 7, fluorine bypass valves; U, hydrogen fluoride collector; 


quickly analyzed by absorption in) mercury and 
measurement of the residual pressure of nonreactive 
gases [{10, 11]. For this purpose a 50-ml glass bulb 
(fig. 3), fitted with a Monel valve, is used as a sample 
holder and absorption vessel. In preparation for 
analysis the bulb is evacuated to a pressure below 
0.01-mm Hg, 1 or 2 ml of mercury are drawn into the 
bulb, and it is again evacuated and heated to drive 
off residual gases and water vapor. It is then filled 
to |-atm = pressure with the gas to be analyzed. 

















FIGURE 3. Vessels used in fluorine flame calorimetry. 


noncondensable gases, stainless steel 


bulb for fluorine 


Monel fuel container for 
S, hydroge n fluoride collector, 


Left to rig 1 
fuel container tor 
inalysis. 


condensable gase 


Because of surface film formation, no appreciable 
absorption of fluorine by mercury occurs so that the 
bulb is readily filled. With the valve closed and 
continuous violent shaking to break the surface film 
absorption is complete in 10 to 15 min. with evolution 
of considerable heat. The end of the reaction 
identified by the cooling of the bulb and by a 
sudden change in appearance of the fluorine film on 
the mercury from a yellowish or slightly iridescent 
texture to a dull gray. The residual pressure 
measured by an oil manometer as shown in figure 4. 
The reading of the manometer is corrected for the 
increase in volume of the gas when admitted to the 
evacuated manometer arm. By this procedure 
determination of total impurities up to several 
percent is possible, though its accuracy is probably 
limited by the adsorption of some gas in. the 
surface film of mercuric fluoride, and perhaps by the 
reaction of oxygen difluoride and nitrogen trifluoride 
under the conditions of the experiment. The 
reproducibility in a short series of measurements of 
impurities at the 3-pereent level is approximately 
+0.05 percent. 
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fluorine shows total impurities of 1 to 3 percent 
Analysis of the residual gas by mass spectrometer 
shows it to consist principally of tetrafluoromethane, 
oxygen, and nitrogen. Hydrogen fluoride is’ pre- 
sumed to be present in the fluorine as received, but 
passage of the fluorme through a sodium fluoride 
trap is routinely practiced before use, so no analysis 
was made for this substance. If the sodium fluoride 
trap is immersed in liquid oxvgen, the tetrafluoro- 
methane removed, nitrogen and oxygen are 
meg in amount, and their relative proportions 
change. 
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2.4. Weighing 


Weighing of several types of rather bulky con- 
tainers is necessary during the experiments. A con- 
tainer of nearly equal volume and weight is used as a 
tare in order to reduce air buoyancy corrections. 
Sample bulbs for noncondensable gases are spun 
aluminum or stamped Monel spheres of 0.015-in. to 
(.020-in. wall thickness and 3-in. diam, fitted with a 
3-in. long tubular neck of the same material as the 
bulb to permit possible refrigeration, and closed with 
a small brass valve (see fig. 3). These spheres under 
a gage pressure of 140 to 150 psi contain up to 0.1 
mole of usable gas and weigh about 70 or 140 g 
depending on the material. Although aluminum 
bulbs are lighter in weight the difficulty of obtaining 
aluminum welds free from leaks makes Monel more 
desirable. Monel also is preferable because of its 
greater strength. In the aluminum bulbs the joint 
from aluminum to the brass valve was made success- 
fully by first coating each metal with its appropriate 
solder, and then joining and finishing with a fillet of 
aluminum solder. 

Condensable gases such as ammonia are retained 
as liquids in cylinders of heavier wall made of stain- 
less steel and fitted with a similar valve of stainless 
steel (see fig. 3). 

The weighing tube for hydrogen fluoride is a 
U-tube of Monel and copper, closed at the ends with 
bolted Monel flanges sealed with Teflon gaskets. 
The ends are fitted with Monel valves. The U-tube 
is filled with helium at l-atm pressure before weighing 
each time. 


2.5. Conduct of an Experiment 


An experiment is initiated in a way customary in 
combustion calorimetry with the calorimeter tem- 
perature preset at about 3 deg below the jacket 
temperature. The observations of temperature of 
the calorimeter at given times are divided into three 
periods: an initial period in which changes in tem- 
perature are due entirely to thermal leakage and heat 
of stirring, a middle period in which the principal part 
of the temperature rise results from the heat produced 
by the combustion reaction, and a final period in 
which the temperature change is again due entirely 
to thermal leakage and heat of stirrmg. The lengths 
of the initial and final periods are at least 10 min 
each, and during these periods all gases but the fuel 
are flowing in the system. The middle period is 
started by introducing fuel into the burner. Fuels 
containing hydrogen generally ignite spontaneously, 
and the rate of temperature rise due to the reaction 
can be made nearly constant by keeping the fuel flow 
rate constant. To conclude combustion the flow of 
fuel is shut off and replaced by helium flow to purge 
the line between the fuel sample weighing bulb and 
burner and thereby cause the combustion of all fuel 
leaving this bulb. After combustion ceases the rate 
of temperature rise drops rapidly. The end of the 
middle period and beginning of the final period take 
place when the rate of temperature rise diminishes to 
a constant value. 








Time-temperature readings are made at intervals 
of 1 min during the initial and final periods and at 
intervals of 0.1° C during the middle period. The 
time-temperature data are used to correct the ob- 
served temperature rise of the calorimeter for heat 
of stirrmg and thermal leakage (including heat 
introduced or removed by the flowing gases) as ex- 
plained later. 

After the final drift period, fluorme is purged from 
the svstem by helium, leaving the hydrogen fluoride 
absorption tube filled with helium for weighing. 
Figure 5, a characteristic time-resistance plot for 
a fluorine combustion experiment, shows that no 
obvious anomalous effects occur to disturb the reli- 
ability of the measurement of temperature rise. 

For work of the accuracy of these experiments 
the corrected temperature rise is determined by 
graphically finding a time f,, which causes areas bed 
and def to be equal. The difference between the 
extrapolated initial and final drift period resistances 
at ft, is the desired corrected temperature rise [7]. 
For more accurate work a numerical integration 
procedure can be used for determining the thermal 
leakage and the corrected temperature rise [5]. 

Fuel sample bulb and sodium fluoride trap are 
weighed before and after the experiment. At some 
time during the actual combustion, the glass sample 
bulb is filled with a sample of gaseous products for 
later analysis if desired. After collection of such 
a sample, the bulb is first shaken to promote the 
absorption of fluorine by the mercury. The residual 


gas is then analyzed by a mass spectrometer. 
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Area bed (I) equals area def (11). Corrected resistance rise is R,—R 
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3. Calibrations, Corrections, and 
Measurements 


3.1. Calibration 


The calorimeter may be calibrated electrically or 
by means of a chemical reaction of known heat, 
depending upon the immediate circumstances. The 
former method is more precise and was used in a 
study of the methane-fluorine combustion — [6]. 
Satisfactory calibration can be obtained using a 
four-terminal constantan heating element sheathed 
in copper, with its leads in close thermal contact 
with both calorimeter and jacket and with the 
potential leads attached to the current leads at 
points halfway between jacket and the point of 
emergence of the current leads from the calorimeter 
water. The method of making electrical calibra- 
tions has been adequately described by Coops, 
Jessup, and van Nes [12] and by Rossini [5]. 

As the result of four determinations, an energy 
equivalent of 14806.7 3/°C was determined with a 
standard deviation of the mean of 1.4 j/°C (0.009 
percent). The calibration results are shown in 
table 1, in which / is the heater current, / is the 
heater voltage, AR, is the corrected resistance 
thermometer change, Af the corrected temperature 
rise, and E, is the energy equivalent of the calorim- 
eter. The calorimeter to which this) calibration 
applies includes the calorimeter can containing a 
weighed amount of water, lid, electrical heater, 
stirrer, thermometer, and the burner assembly, with 
flow lines attached and filled with stationary air. 
The calibration was assumed to be the same with 
stationary air and flowing gases in the burner. 


TaBLeE 1. Electrical calibration of the calorimeter 
Run Time I E Q AR. At E, 
sec amp 1 } Ohm deq C deq C 
1 | 660.00 2. 63371 25. 6401 44568.9 | 0. 308295 3. 00924 14810.7 
2 660. 00 2 63181 25. 5966 14461. 2 02289 3. 00279 14806, 6 
3 660.00 2. 65606 25. 8362 5290. 9 . 308391 3. O5SS83 14806. 5 
4 HO. 00 2. 65022 25. 7808 45094. 4 306762 3. 04628 14803. 1 
Mean 14806. 7+-1.4 


(0. 009%) 


On the basis of later discussions of the combustion 
of methane and of ammonia, a nonelectrical calibra- 
tion of the calorimeter can be made with somewhat 
less precision using either of these reactions. An 
indication of the precision to be achieved is shown 
by the standard deviation of the mean heat of 
formation of HE found as the result of four experi- 
ments with ammonia shown in column 7 or column 
11 of table 5, or by the standard deviation of the 
mean calorimeter constant AR./m found ina slightly 
different calorimeter setup as the result of seven 
combustion reactions with methane shown in table 
4. In table 4 AP, is the corrected temperature rise 
of the calorimeter caused by burning m(CH,) grams 
of methane. The standard deviation of the mean 
AR Jm is 0.32 percent. This estimate of the un- 
certainty in the calorimeter constant includes both 


variations among experiments and also uncertainties 
in the amount of reaction for each experiment as 
calculated on the basis of observed mass of methane 
pene through the burner and calculated mass of 
methane determined from the gain in weight of 
the hydrogen fluoride absorber. 


3.2. Correction for Non-Ideality of Hydrogen Fluoride 


In a combustion experiment the thermal correc- 
tions to the observed heat for gas non-ideality are 
small for fluorine and for helium. For other gases 
entering the reaction such thermal effects must be 
examined carefully. In measurements of reactions 
involving gaseous hydrogen fluoride, large correc- 
tions may be nee essary to reduce the results of such 
measurements to the basis of the ideal gas state; 
i.e., the standard state of unit fugacity for this gas. 
Unfortunately, the magnitude of these corrections is 
subject to considerable uncertainty because of dis- 


a 


crepancies between the PVT data reported for 
hvdrogen fluoride by various observers [13, 15]. 


The magnitude of the uncertainty in the correc- 
tion may be seen by comparing values of (H°-H), io 
enthalpy of the ideal gas less that of the real ga 
as calculated from the data of the two most rec oe 
and most extensive investigations of the PVT 
relation of hydrogen fluoride in the pressure range 
of interest; namely, those of Long, Hildebrand, and 
Morrell [14] and of Strohmeier and Briegleb [15(a)]. 

The large deviations of hydrogen fluoride from 
ideality have been attributed to the formation of 
polymers as a result of hydrogen bonding, and two 
models of the gas have been proposed on this basis. 
Long, Hildebrand, and Morrell [14] found that their 
data could be represented fairly well by assuming 
that the gas is largely a mixture of HF and (HF),, 
the latter being assumed to be cyelic in structure. 
The heat of polymerization at a temperature of 305° 
K and pressure of 0.8 atm, a typical concentration 
of hydrogen fluoride in the combustion products, as 
calculated on the basis of this model is entirely 
negligible in comparison with the measured heat of 
fluorination of methane, for instance. It will be 
seen from figure 6, however, that the values of the 
association factor, Z=RT7/PV, calculated for this 
model (curve L) fall considerably below the experi- 
mental values at low pressures, so that the model 
does not give a correct representation of the PVT 
data at low pressures. This fact was observed by 
Long et al. [14], who suggested that under conditions 
in which the association factor is less than 1.3 lower 
polymers play an appreciable role. 

The other model of hydrogen fluoride, originally 
proposed by Briegleb [16], assumes that the gas is 
a mixture of polymers (HF), in which 1 assumes an 


indefinite number of integral values. Evidence 
favoring this model includes electron diffraction 


data [17] which indicate the presence of chain poly- 
mers, and measurements of the dielectric constant 
of the gas [IS] which show that its dipole moment 
increases with pressure, contrary to what would be 
expected if the polymer exists solely in the ring form. 


| 
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Values of association factor for gaseous HF. 


Open circles, data of reference [14]. Solid circles, data of reference [24]. Solid 
curves drawn through experimental points. Curves B calculated as described 
in text from data of reference [14]. Curve Z calculated from data of reference 
{14], assuming only monomer and hexamer molecules present. Curves S repre- 
sent experimental data of reference [15(a)]. 


FIGURE 6. 


Considering all the data available, it appears prob- 
able that both linear and cyclic polymers are present 
in the gas phase. However, because only the low 
pressure region is of interest in this work, a model 
similar to that of Briegleb has been assumed in 
making calculations of (H°-H). Using this model 
and the experimental association factors of Long, 
Hildebrand, and Morrell [14], equilibrium constants 
for the polymerization reactions 


2HF——>(HF) 
and 


(HF),,4 


« 


HF—>(HF) n41 (aod, mas 
were derived on the assumption that the equilibrium 
constant ky, ».; for the second reaction is independ- 
ent of n, and the further assumption that deviations 
from ideality are due entirely to polymerization. 
The equilibrium constants obtained from the experi- 
mental data are compared in table 2 with values 
calculated from the following empirical equations 








15488.5 , _. 
T + 55.2631, 


PR In ky. 


1329.6 : 
+9.6588, (1 


1), 
169.92 


R In he —— T 


where P? is in cal mole deg K and pressures are ex- 
pressed in atm. 


2. Observed and calculated values of equilibrium 


constants derived from data of reference [14] 


TABLE 


Temperature Kio Kans 
°K obs. calc. os. cale 
311 0. O764 0. 0641 0. S62 0. 880 
305 . 1050 1049 1.100 1. O97 
299 1748 1751 1. 375 1. 381 
2S6 5730 5927 2.477 2. 469 
273.15 2. 0620 2.0619 ». O50 5. O56 


The equilibrium constants were used to calculate 
values of the association factor and the results of 
these calculations are shown by the curves marked B 
in figure 6. In the pressure ranges covered by the 
experimental data of Long, Hildebrand, and Morrell 
these curves are seen to be practically identical with 
the solid curve drawn through the open circles repre- 
senting their data and the solid circles representing 
the data of Jarry and Davis [19] at saturation pres- 
sure. Between these two sets of points, however, 
the curves B begin to diverge from the experimental 
curves. Nevertheless the curves / seem to give a 
satisfactory interpolation between the pressures 
covered by Long, Hildebrand, and Morrell and zero 
pressure, where the gas is presumed to be ideal and 
monomeric. It will be seen that the curve B for 
T=305° K fits the experimental points of Long, 
Hildebrand, and Morrell at low pressures better than 
does their curve Z derived on the basis that only 
monomer and hexamer are present. 

Using the temperature coefficients of the equi- 
librium constants, the heats of the polymerization 
reactions were calculated, and these together with 
the association factors were then used to calculate 
values of (H°-H) per mole of HF. 

The data of Strohmeier and Briegleb [15(a)| have 
also been used to calculate values of (H°-H), using 
the equilibrium constants and their temperature 
coefficients reported by Briegleb and Strohmeier 
[15(b)| for the reactions 

nHF (gq) (HF),(q) 


(e222, . . .)- 
The association factors calculated from these equilib- 
rium constants have been shown by Briegleb and 
Strohmeier (15(b)| to be in very good agreement 
(about 0.1 percent) with their experimental values. 
The curves caleulated by Briegleb and Strohmeier 
to represent association factor versus pressure (ex- 
perimental points not shown) for the three isotherms 
covered both by Long, Hildebrand, and Morrell, and 
by Strohmeier and Briegleb are those marked S in 
figure 6. The two sets of curves differ systematically 
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by considerably more than would be expected from 
the precision of the two sets of measurements. 

Values of (H°-H) calculated from both sets of 
data are given in table 3 and are shown graphically 
in figure 7. The values based on the data of Long, 
Hildebrand, and Morrell at temperatures above 
38° © represent extrapolations beyond the range of 
their experimental data. The values calculated from 
the data of Long, Hildebrand, and Morrell are higher 
by a factor of two to three than those calculated from 
the data of Strohmeier and Briegleb. 


TaBLe 3. Enthalpy differences (H°-H) for hydrogen fluoride 
gas 
| 
11°-1f kj/mole | I1°-11 keal/mole 
i. Calculated to fit the data of Long, Hidebrand, and Morrell 
T 
deg C 
; 2} $2 3S 0 2 32 3S Ww 
P 
atm 
0.1 1.32 0. 77 0.46 0.18 0. 316 0. 185 0.110 0. 043 
2 43.10 1.78 1.05 3S 742 . 426 250 O91 
oe ». 49 3.10 Brees 638 1. 312 740 $24 150 
' s. 45 4.80) 2. 71 91 2. 015 1. 146 O47 21s 
5 11.89 6.95 3.89 1. 36 2. 842 1. 660 430 300 
bb. Calculated to fit the data of Strohmeier and Briegleb 
T 
deg C 
th 30 BS 14 a6 pany 32 3S 44 4 
P 
atm 
0.1 0. 41 0.32 | 0.35 0.19 0.12 0.098 0.076 0.0459 0.046 0. 02S 
74 a7 70 53 40) 24 232 167 126 O46 . 05 
R ) acet 1.23 SH 63 37 132 293 205 150 OSS 
4 2.11 | 1.31 a0 aD) 502 314 216 . 120 
5 2.02 | 1.25 66 184 209 . 158 


As an indication of the possible effect of these 
discrepancies we may consider the measurements of 
Jessup, MecCoskey, and Nelson [6] who determined 
the heat of formation of CF, from the measured heat 
of reaction of methane and fluorine combined with 
values for the heats of formation of methane and 
hydrogen fluoride. Under the conditions of their 
experiment the correction for the gas imperfection of 
HF caleulated from the data of Long, Hildebrand, 
and Morrell, was 2.1 kj (0.5 keal) per mole of HF, or 
8.4 kj (2.0 keal) per mole of CFy. If the data of 
Strohmeier and Briegleb had been used, the correc- 
tion would have been only 3.3 kj (0.8 keal) per mole 
of CF,, so that the value obtained for the heat of 
formation of CF, would have been different by 5.1 
kj (1.2 keal) per mole. 

In view of the discrepancies between the data 
reported in reference [14] and [15], further experi- 
mental work on the gas imperfections of hydrogen 
fluoride would be very desirable.’ Such work might 
include further ?V7 measurements, throttling ex- 
periments, or calorimetric experiments similar to 
those reported by Rossini and Frandsen [20]. 

3 At least two investigations of the PVT relation of ITF are known to be in 


progress, but cover a pressure range much higher than that of interest In 
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Change in enthalpy with pressure for hydrogen 


fluoride at 26" .-32". and $8" ‘C. 


NIGCRE 7. 


Solid curves calculated as deseribed in text from data of reference {14). 
Dashed curves calculated from data of reference [15(a), 15(b)] 

Insert: Isobar at 0.3 atm calculated from data of reference [14] (upper curve 
ind from data of reference [15(a), 15(b)] (lower curve 


Until the PVT behavior is known with greater 
certainty in the low pressure region at temperatures 
near 25° C, the problem of corrections to calorimetric 
data can be avoided by making measurements at 
higher temperatures. The work of Wartenberg and 
Fitzner [1] at 100° for example, does not suffer 
from any such uncertainty because the enthalpy 
corrections are negligible for hydrogen fluoride at 
that temperature. It will also be seen by reference 
to the 0.3-atm isobar in figure 7 (insert) that in the 
neighborhood at 50° C the differences between the 
experimental data become negligible in this isobar 
Which is typical. In some experiments at NBS 
measurements have been made at 50° C taking ad- 
vantage of this fact. 


3.3. Measurement of Amount of Reaction 


The amount of fuel entering the calorimeter is 
readily determined by weighing the container before 
and after the experiment. The early measurements 
in the fluorine flame calorimeter suffered from lack of 
confirmation that the entering fuel was completely 
burned. The vapor pressure of HE over the com- 
pound NaF-HF is very small at room temperature 
(about 0.01-mm Hg [21]). The use of an absorbing 
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tube to collect for weighing the hydrogen fluoride 
resulting from the combustion of hydrogenous fuels 
is thus an obvious technique for verifying the com: 

pleteness of reaction, and has been used throughout 
these experiments. This absorbent has also been 

used by Wartenberg and Schutza [2], though not in 
the same manner as here. They may not have en- 
countered the same difficulties because of the use of 
hvdrogen as the gas in excess rather than fluorine. 
In none of the early experiments in this laboratory, 
either in the combustion of methane or of ammonia, 
was consistent correlation found between weight of 
fuel and weight of hydrogen fluoride formed. The 
most general behavior was for the weight of hydrogen 
fluoride to be rather erratically too high. 

The excess weight gain was traced (a) to impurities 
(HF and perhaps some CF,) in the fluorine supply, 
and (b) to additional impurities (presumably HF) 
acquired by the fluorine first passing through the 
combustion chamber. Impurities in the fluorine 
supply may be removed by allowing the fluorine to 
pass through a sodium fluoride trap immersed in a 
dry-ice-alcohol bath just before entering the calorim-- 
eter. Collection and weighing of the added im- 
purities acquired by the fluoride in its passage 
through the combustion chamber may be avoided 
by diverting the fluorine through a valve bypassing 
the hydrogen fluoride weighing tube until time for 
introduction of the fuel. Evidence for the nature of 
the impurities to be avoided in this way is as follows. 
After a combustion reaction, the inner surface of the 
copper combustion chamber has a brick-red color on 
first opening for inspection. On standing, the red 
color changes to white, a behavior which is attributed 
to the hydrolysis of red cuprous fluoride by moisture 
in the air. In preparing for the fore-period drift 
measurements, the first introduction of fluorine al- 
Ways causes a sharp increase in the drift rate, which 
disappears after a few minutes leaving the drift rate 
approximately the same as in the absence of fluorine. 
By blank experiments in which the calorimeter was 
not opened to the air it was found that increases in 
the weight of the hydrogen fluoride weighing tube 
cease a few minutes after the first introduction of 
fluorine. The gain in weight could thus be attributed 
to gases formed by interaction of fluorine with sub- 
stances on the surfaces of the combustion chamber. 

Table 4a shows a typical series of weighings m 
calorimetric experiments with methane, using ex- 
perimeats in which no carbon formation was ob- 
served, and in which all of the gases used in the 
experiment passed through the hydrogei fluoride 
weighing tube. In this t: able m(CH,) is the weighed 
ress of methane passed through “> burner, “and 
m’(CH,) is the mass of methane « ‘aleulated on the 
basis of the weight of hydrogen fluoride collected. 
The mean difference is 2.1 percent. In the first 
three columns of table 4b are shown data for a series 
of experiments in which gases were collected in the 
hydrogen fluoride weighing tube only after the initial 
drift period was nearly complete. In these expe Ti- 
ments the mean difference between m(CH,) and 

‘(CH,) without regard for sign is 0.18 percent, a 








significant improvement over the preceding series of 
experiments. 

By these experiments it has thus been shown 
possible to confirm the amount of reaction of a 
hydrogenous fuel with reasonable accuracy by 
relatively simple precautions in the conduct of an 
experiment. Some uncertainty remains because of 
the present inability to collect other product gases 
for weighing or analysis, and a sampling technique 
must be resorted to for the indication of side reac- 
tions. In the specific instances of the combustion 
of methane and ammonia the reactions have been 
found to be simple and not accompanied by measur- 
able amounts of side reactions. 


TABLE 4. Consistency of weighings and reproducibility of 
heat measurement in the combustion of methane by fluorine 


a. All gases pass through hydrogen fluoride trap 


m(CH4) | m’'(CH4) | m(CH4)—m'(CH4) | Ditference 
| 
g g g 
0. 4139 | 0.4215 0. O76 1.8 
. 4020 | 4075 —.OO55 —1.4 
. 4020 4173 —. 0153 —3.8 
. 4074 . 4129 —. 0055 —1.3 
b. Fore-period gases do not pass through hydrogen fluoride trap 
m(CH4) m' (CH, Difference AR. AR. AR- t 
m(CH4) | m’(CH4) 

7] ] ‘ Ohm Ohm/a Ohm!q e 
0. 3923 0. 3925 —0. 05 0. 31090 0. 7925 0. 7921 49.75 
. 3940 3938 +. 05 . 31362 . T960 7964 49.77 
4053 4068 37 31964 7887 . 7857 49. 72 
. 3987 3986 +. 02 31558 7915 7917 49.71 
. 4031 4036 12 32130 7971 7961 49, 72 
. 4138 4131 +.17 32851 7939 . 7952 49. 69 
4335 4341 15 33745 7784 7773 419. 86 

Mean 0.13 0. 7912 0. 7906 
Mean: AR./m, AR./m’=0.7909+0.0025 


4. Heat of Reaction of Ammonia With 
Fluorine 


The combustion of ammonia in fluorine was found 
to proceed without the formation of any fluorides of 
nitrogen when carried out in the burners described, 
contrary to the experience of Ruif and Hanke [22]. 


Tape. 5. 





Absence of compounds of nitrogen and fluorine in the 
product gases was determined by mass spectrometer. 
ry’ > 

lhe only reaction observed was that shown by eq (1) 


Nets F’,——>3HF +3 N, (1) 


The results of four combustion reactions carried 
out between 30 and 32° C are shown in table 5. The 
amount of reaction was based on the weight of am- 
monia burned (col. (1)) beeause the collection of HF 
was not under control in these experiments. The 
observed heat of reaction is shown in column (2); the 
partial pressure of hydrogen fluoride in the effluent 
gases, determined by the proportions of materials in- 
troduced is shown in column (3). Column (4) shows 
the correction for non-ideality of hydrogen fluoride 
calculated on the basis of the data of Long et al. by 
application of which are calculated the standard heat 
of reaction, column (5), and the standard heat of for- 
mation of hydrogen fluoride, column (6). Column 
(8) shows the correction for non-ideality of hydrogen 
fluoride calculated on the basis of the data of Stroh- 
meier and Briegleb, by application of which are eal- 
culated the standard heat of reaction shown in col- 
umn (9) and the standard heat of formation of 
hydrogen fluoride, column (10). Columns (7) and 
(11) give the deviation from the mean, 6, of the indi- 
vidual results in columns (6) and (10), respectively. 
In the above calculations a correction of —0.13 
kj/mole made for the difference AH 3;—AH sp. 
The heat of formation of ammonia is well established 
and was taken as —46.19 kj/mole=— 11.04 keal/mole 
[23]. The mean heat of formation of HF in column 
(6) 268.7 +0.5 kj/mole=—64.22+0.13 keal 
mole, in which the uncertainty given is the standard 
deviation of the mean. This may be compared with 

64.2 keal/mole found in reference [23], which is an 
average based on values of —63.8 keal/mole calcu- 
lated by Ruif and Menzel [3] from the experimental 
work of Wartenberg and Fitzner [1], —64.2 keal/mole 
calculated by Ruff and Menzel from the experimental 
work of Ruil and Laass [24], and —64.45+0.1 keal/ 
mole reported by Wartenberg and Schutza [2]. 

However, the average value of column (10) 

270.4 +0.3 kj/mole 64.63 + 0.07 keal/mole. The 
scatter is less in this calculation than in the preceed- 


is 
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IS 


Combustion of ammonia in fluorine 


(1 2 ; 4 ) 6 f s if) 10 |! 
m(NH AH. obs p(HF g(HF)( AH 1 AH’, (HF) ( 6(1 q( HF) (2 All 2 All HF)(2 4 
q kj mole N H afm h mole N H mole ji mole mo mole N H mole | J) me he Lol 
0. 933 765. 7 0.11 o 4 763. 4 29.9 12 1.0 TH4. 270. 3 0:1 
8273 767.6 31 h Bef 756.0 207. 4 1.3 1.3 763.4 200.4 
9232 772.4 35 14.2 758. 3 268, 2 5 2 767.3 271.2 s 
5430 —7THb. 3 18 D. | 761.3 269. 2 2.0 74.4 270. 2 2 
Mean (kj/mole TAO. 7 P68. 7 +(). 55 5.0 97) 4 £0), Sa 
Mean (kcal/mole 181.6 4, 22 tO. 13 182.58 64.63 t0. 074 


* Standard deviation of the mean. 
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ing one, but it is obvious that the principal source of 
uncertainty is in the amount of correction to be 
applied for non-ideality of hydrogen fluoride. The 
mean of all the calculated values gives AH°,,, (HF) = 
—269.6+1.1 kj/mole=—64.4+0.25 kcal/mole, as the 
best value which can be derived from the data 
presented here. 

It might be noted that several values [6, 25, 26] for 
the heat of formation of carbon tetrafluoride are 
based in part on the value —64.2 keal/mole for the 
heat of formation of HF. A more negative value 
for the heat of formation of hydrogen fluoride would 
tend to bring closer together the values for heat of 
formation found on the basis of oxygen bomb calorim- 
etry [25, 26] on the one hand and by fluorine flame 
calorimetry [6] on the other hand. 
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Pits in Metals Caused by Collision With Liquid 
Drops and Rigid Steel Spheres 
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A pit-depth-versus-velocity equation developed earlier was tested further with experi- 
mental data obtained using target plates of electrolytic tough pitch copper, 1100—O 
aluminum, and 2024-O aluminum, the statie strength properties of which were measured 
by testing tensile specimens. The projectiles used to produce the pits were mercury drops, 
waterdrops, and steel spheres. It was found that the numerical constants in the equation 
for projectiles that flow during and as a result of the collision are different from those for 
projectiles that do not flow (hardened steel spheres). Curves ealeulated using the equation 
were found to be in acceptable agreement with experimental pit-depth-versus-velocity data 
for collisions of the indicated projectiles with target plates of the three metals used with the 
exception of the case of steel-sphere impingement against 2024-O aluminum alloy. In 
this case work-hardening of the target metal seems to foster a mode of pit formation that 


Was not considered in the development of the pit-depth-versus-velocity equation. 


1. Introduction 


Collisions between liquids and solids in all of the 
possible projectile-target| combmations in which 
they can occur have been topics for research. Some 
of these are: solid-against-solid collisions (artillery 
experiments), solid-agaimst-liquid collisions (water- 
entry problems), liquid-against-solid collisions (high- 
speed rain-erosion research), and liquid-against- 
liquid collisions (impact of solids at meteor veloci- 
ties). Work has been done at the National Bureau 
of Standards toward developing an equation that 
will give pit depth as a funetion of impingement 
velocity for collisions of target plates of the soft and 
medium hard metals with drops of liquids [1]. 

The model on which the equation is based is the 
movement of the core of metal of the target plate 
immediately under the collision area with respect 
to the remaimder of the plate. In order that the 
core of metal through the target plate under the 
collision area may be free to move, the side of the 
plate Opposite to that on which the collision occurs 
must be a free surface. In addition to this condi- 
tion on the target plate, it must not be so thin that 
it bends as a whole under the collision, or so thick 
that the spread of the compressional wave that passes 
through it as a result of the collision is appreciable. 

In the development of this pit-depth-versus- 
velocity equation, such characteristic fluid-flow pa- 
rameters as the Weber number and the Reynolds 
number were neglected. The equation should, 
therefore, apply equally well to pits caused by colli- 
sions of solid spheres with target plates of the soft and 
medium hard nietals. 

In the case of collisions of solid-sphere projectiles 
that flow like a liquid drop durmg and as a result 
of the collision, the equation should apply without 
modification even of the numerical constants. — It 


Figures in brackets indicate the literature references at the end of this paper. 
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has been found that the equation does produce 
curves that fit pit-depth-versus-velocity data for 
high-speed collisions of soft ductile metal spheres 
against targets of the same metals [1]. 

For the case of collisions of hardened steel spheres, 
the numerical constants in the equation will be dif- 
ferent. These spheres do not flow during the colli- 
sion; none of the collision energy is lost in the flow of 
the projectile and, therefore, a larger amount of it is 
used in forming the pit. 

Pit-depth-versus-velocity data ? for high-speed 
collision of liquid drops with metal plates were used 
to evaluate the numerical constants in the equation 
and to test the equation. These data were of a pre- 
liminary nature. The vield strength and the speed 
of sound of the metals used for the target plates 
were not determined by experiment. The speed of 
sound in this case is the speed of irrotational waves 
in an infinite medium. 

It is important to know the static vield strength 
of the target metal. Although it is the dynamie 
vield strength that must be used in the equation, in 
most cases the dynamic vield strength may be 
expected to vary in the same direction that the 
static vield strength varies for different heat- 
treatment states of a given metal. Different sets of 
pit-depth-versus-velocity data will not, in general, 
be comparable unless the static vield strength of the 
metal target plates that are used is essentially the 
same. Furthermore, the static vield strength can be 
used to calculate the dynamic yield strength in the 
case of the duralumins [2] and closely related alumi- 
num alloys. 

The work described in this paper is an effort to 
test the equation further by determining the depth 
of pits that result from impingement of waterdrops, 
mercury drops, and rigid steel spheres against target 


2 These data were obtained at Convair, Division of General Dynamics Corp.. 
in San Diego, Calif. See reference [1]. 








plates of 1100—-O aluminum, 2024—O aluminum, and 
annealed electrolytic tough pitch copper, the static 
vield strengths of which have been determined by 
experiment. The work described was conducted 
under the sponsorship of the Materials Laboratory, 
Directorate of Laboratories, Wright Air Development 
Center. The experimental work was done at Con- 
valr, a of General Dynamics Corp., in San 
Diego, Calif., and at the U.S. Naval Research Lab- 
oratory in Washington, D.C 


2. Materials 
2.1. Preparation of the Target Plates 


Plates of the metals were obtained in 2.5-em (1- 
in.) thickness so that 15.2- by -15.2-em (6- by -6-in.) 
target plates cut from them for use in expe riments 
involving impinge ment of 0.5556-em- (%-in.-), 
0.7938-em- (*{6-in.-), and 1.270-em- ('4-in.-) diam 
steel spheres, would be epproximately 2 to 4.5 sphere 
diameters thick. Tensile specimens for determining 
the static vield strength and small 0.317-em- (‘s-in.-) 
thick target plates for use in experiments involving 
collision with 0.l-em and 0.2-em drops of mercury 
and water were machined from some of this material. 

The 1100-O aluminum was obtained from the 
Davenport Works of the Aluminum Co. of America 
in Riverdale, Iowa. The material was furnished in 
mill finish and was as_ scratch-free was com- 
mercially feasible. For the annealing process the 
objects were placed in the furnace while it was cold. 
The furnace temperature was then brought up to 
343° C (650° F) and was held at 348° C (650° F) 
for 4.5 hr in the case of the large target plates and 
the tensile specimens and for about 2 hr in the case 
of the small target plates. The furnace was then 
turned off and the objects were allowed to cool with 
the furnace. The tensile specimens were suspended 
in the vertical position during the annealing process 
to prevent sagging. 

The 2024-0 aluminum was obtained as 2024—-T4 
aluminum at the U.S. Naval Research Laboratory in 


as 


Washington, D.C. For the annealing process the 
tensile specimens and the target plates of this 


aluminum alloy were put into the furnace after it 
had been raised to a temperature of 399° C (750° F). 
They were a rated at 399° C (750° ee for 4 hr, cooled 
to 166° C (350° F) at a rate fe 25.5° C (46° F) per 
hour, and on removed from the ina. 

The electrolytic tough pitch copper was obtained 


from the American Brass Co. For annealing, the 
objects were placed in the furnace after it) had 
attained a temperature of 427° C (800° F). The 


large target plates were kept in the hot furnace for 
approximately | hr, the small target plates for about 
40) min, and the tensile specimens for about 30 min. 
The objects were in each case removed from. the 
furnace at the end of the specified time and were air 
cooled. The copper oxide that formed was removed 
from the target plates by pickling in dilute acid and 
by gentle abrasion. 
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2.2. Static Tensile Properties of the Metals 


The tensile specimens were standard ASTM. test 
specimens having 1.283-cem (0.505-in.) diameter in 
accordance with ASTM designation E 8-54 T. 
They were tested ina standard testing machine in the 


NBS. Engineering Mechanics Section using auto- 
eraphic recording equipment. The data obtained 
were vield) strength (0.2) percent offset), tensile 


strength, and elongation in 5.1 em (2 in.). The test 


results are civen in teble 1 


TABLE 1. Static tensile properties of the metals 
Metal Yield strength Tensile strength Elonga- 
tion 
10° d/em2 psi 10° d/em?2 psi / 

1100-O aluminum 1.83 2, 650 7.83 11, 350 411.6 
1100-O aluminum 1.79 2, 600 7.65 11, 100 41.5 
2024-0 aluminum 8. 69 12, 600 19.6 28, 400 17.5 
2024-O aluminum S.76 12, 700 20.0 29, 000 17.5 
2024-O aluminum 8.69 12, 600 20. 7 30, 000 18.0 
2024-O aluminum S.69 12, 600 20.9 30, 300 18.5 
Annealed copper 2.90 4, 200 21.2 30, 800 50.0 
Annealed copper 2. 96 4, 300 21.4 31, 000 49.() 
Annealed copper 2. 50 3, 700 21.5 31, 200 54.0 
Annealed copper 2. 55 3, 700 21.4 31, 100 53.0 


3. Liquid-Against-Solid Collisions 


The small target plates of 1100-O aluminum, 
2024—O aluminum, and annealed electrolytic tough 
pitch copper were sent to Convair, Division of Gen- 
eral Dynamics Corp., in San Diego, Calif., to be fired 
into drops of mercury (0.1 em and 0.2 em in diam) 
and drops of water (0.2 em in diam) at high speed. 
When the tests were made, the 1100-O aluminum 
targets were not fired because they were too thin. 

The mercury drops used in the firings were indi- 
vidually weighed on an analytical balance, and the 
diameters of the drops were calculated. The actual 
diameters of the mereury drops and waterdrops 
varied in most cases by less than +10 percent of the 
nominal size. The depths of the pits produced 
were measured at Convair using an optical microm- 
eter; the depth measurements were reported to be 
good to +£0.0013 em (+£0.0005 in.) 

The theoretical curves for the collisions of liquid 
drops against solid targets were obtained using the 
equations [1] 


and 
OR’ (2+2’ 
1I9F’(z+2’) 9 


een ae} 
Loc 2°) 


in which 6’ is pit depth, d is drop diameter, ¢ is the 
speed of sound as defined previously, p is the density, 
>is the acoustic impedance (z=cp), EL’ is the dynamic 
compressive: vield strength of the target metal, 1; is the 
smallest impingement velocity at which a permanent 
pit is made, and Vis the impingement velocity. 
Primed quantities refer to the material of the target 








TABLE 2. 


Projectile 
Constant 


Water Mercury 
Sound speed,c em/sec 1.497 X10 a 1.45110 5 
Density, p g/em 3 ©). 99707 13. 546 


g/em 2 sec 0. 149310 ° 


dynes/em ? 


Acoustic impedance f, 
Dynamic yield strength, / 


* Data from Bergmann [3] 
b Measured in NBS Sound Section by C. E. Tschiegg 
¢ Data from Handbook of Chemistry and Physics. 
4 Data from Metals Handbook. 
e Data from Aluminum Co. of America. 


f Acoustic impedance is the product of sound speed and density, 2=¢p 


g Dynamic yield strengths of the aluminum alloys were calculated from estimates of Whiflin, communicated by letter, foc the r 


yield strength. ; 
bh Dynamie yield strength of copper is that given by Whiffin [2]. 


plate and unprimed quantities refer to the material 
of the liquid drop. All quantities are im egs units. 
Values of these quantities for the materials used for 
projectiles and targets are listed in table 2. 

The development of eqs (1) and (2) has been given 
previously [1]. The conditions for valid use of these 
equations were discussed im section 1. 


3.1. Collisions Between Metal Target Plates and 
Mercury Drops 


The experimental pit} depths for collisions of 
(.1- and 0.2-em mercury drops against target plates 
of annealed electrolytic tough pitch copper are listed 
in table 3. They are plotted in figure 1 along with 


TaBLE 3. Experimental data®*® for collisions of mercury drops 
of two sizes with annealed electrolytic tough pitch copper 


0.1-em drops 0.2-cm drops 





Collision Drop diam-| Pit depth Collision Drop diam-| Pit depth 
velocity eter velocity eter 
104 cm/sec cm cm 104 cm/sec cm em 
1. 965 6. 0946 0. 009 1.773 0. 2027 0. 029. 
1. 965 . 0913 O10. 2. 402 2002 ATs 
1. 965 1005 OLA 2. 542 204 O66, 
1. 065 . 0966 O16 2. 440 1989 0597 
1. 978 1041 O16 2.779 . 1953 O58; 
2. 432 0976 O21¢ 2. 841 2030 O40 
2. 829 . 1037 O25 2.850 2118 074; 
3.246 1054 039; 2. 865 2012 065s 
3. 706 1102 044, 2.865 2012 O67 
3. 76) OOS] O43; 2. S90 . 2004 O65 
3 944 . 1070 O5L3 2 1991 077 
4.401 1045 O5S 32 2032 OS2 
4. 724 . O99 61s 3. < 1889 O7t 
5. O38 OOF] O59, 3. ¢ 1951 O76: 
5. 371 OSUD O04; 3 2600 073 
779 0956 074 3. 575 1972 O04 
6. 126 1045 OS3 3. 663 2032 1318 
6. 486 OUST OS4; 3. 697 . 1997 OSS 
6.772 1041 097 3. YS6 2011 123 
7 090 gag] 093 4.084 . 2006 107 
7. 388 1010 0932 4.006 2004 110 
7. 52¢ 099] 097 4. 322 2048 122 
8, 074 _ 0935 097 4.401 2003 1232 
&. 499 1055 116s 4.450 202 12: 
8. 708 1019 118s $. SO2 1990 . 135; 
9, 832 1028 1480 5. 919 2099 191] 
'O AO LOR6 130. 6, O69 . 2046 ~179 
6.315 2018 177 
. 410 1995 1699 
6.461 1990 . 190 
2 See footnote 2 


1. 966 X10 ¢ 


| 
} 





Constants of the materials of projectiles and targets 


Target 


Steel 1100-O Aluminum | 2024-O Aluminum | Copper electrolytic 


b 5. 78610 5 b 6. 318X105 b 6. 37010 5 b 4.691105 

d 7. 859 e 2.713 e 2. 768 © 8.92 
4. 547X106 1.714106 1. 76310 6 4. 18410 6 
& 7.23910 § & 2.35010 9 h 2, 394X10 ® 


atio of the dynamic to the static 


theoretical curves calculated using eqs (1) and (2) 
and the data in table 2. The theoretical curves are 
in relatively good agreement with the experimental 
points. The effect of the change in drop size is 
properly accounted for by the theoretical equations. 
Curve A, calculated for the 0.1-em drop size, is in 
better agreement with the observed depths produced 
by collision with 0.1-em drops than curve B, cal- 
culated for the 0.2-em drop size, is with the observed 
depths produced by collision with 0.2-em drops. 
The assumption of spherical drops used in calculating 
drop diameters from the weight of the mercury drops 
can be expected to be more accurate for the smaller 
drop size. In this connection, it is noteworthy that 
there is more scatter in the experimental data for 
the 0.2-em drop size. 
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Figure |. Collisions of mercury drops of two sizes against 


annealed electrolytic tough pitch copper. 


Curve A, calculated using eqs (1) and (2) for 0.1-em drops; 

, observed depth produced by collision with 0.1-em drops; 
Curve B, ealeulated using eqs (1) and (2) for 0.2-em drops; 
\, observed depth produced by collision with 0 2-em drops, 





On the other hand, if the calculated intercept 
velocity, V;, had been a little smaller, the fit would 
have been better. The dynamic compressive vield 
strength reported by Whiffin [2] for electrolytic 
copper was used for /’ in computing V; for the 
theoretical curves (see table 2). It is not known if 
the electrolytic copper for which Whiffin [2] obtained 
the dynamic compressive yield strength was equiva- 
lent to the electrolytic tough pitch copper that was 
used for the target plates. Whiffin [2] did not report 
the static vield strength of the electrolytic copper 
that he used; he described it as being normally very 
soft and giving no definite indication of vield strength 
in static compression tests. No formula exists for 
copper by means of which the dynamic compressive 
yield strength can be calculated from the static vield 
strength; however, the latter provides a means of 
identification that can be reproduced by others. 

The experimental pit depths for collisions of 0.1- 
and 0.2-em mercury drops with target plates of 
2024—O aluminum are listed in table 4. They are 
plotted in figure 2 with the theoretical curves calcu- 
lated using eqs (1) and (2) and the data in table 2. 
The theoretical curves are in reasonably good agree- 
ment with the experimental points. As was found 
to be true in figure 1, the effect of the change in drop 
size is properly accounted for by the theoretical 


equations. As in the case of the copper targets, 





— . > . 
TABLE 4 Exc perime ntal data® for collisions of mercury drops 
of two sizes with 2024-0 aluminum 
] | 0.2-cm drops 
Cr r Drop Pit dept! Collision Drop Pit pt 
vel mete velocity Ine 
( sf “mM cm i04 cm/sec n cn 
1. O66 0. 1022 0, O80, Wels (+. 19514 0.012 
2 454 56 2 2. 31h 19175 027 
2 Sit 940 02% Bd 1908 O38 
2 sO) 1032 02 9 682 211122 Os 
3.413 O47 O83 ) 789 1469 O49 
3. 627 996 O44 3. O48 19s4 05 
3. 797 1037 049, 3. 200 2017 O71 
3. 822 099 OAR, 3.377 19572 INF 
4. 222 1037 On] 3%. AY 20330 094 
1. HG 1009 O87 4. (0S 2047 24 
4 745 09465 059 4.084 2031 109 
4. 495 1041 O7 t 517 2010 259 
14 10M) OT7 1S 20572 241 
517 1O5S 093 42é 2000 2) 
752 1014 095 6. S34 19s2 Jt 
6. 004 971 099 
6, 066 O46 1 ea) 
6. 251 1032 112 
f. 73¢ 102s 130s 
7. 047 O97! 124 
047 71 140 
7. 52 1032 O18 
& O19 102 116 
8.071 1937 15%. 
s.074 114 148 
&. 525 1023 fit 
8.772 1045 i7¢ 
4. 195 U4 162 
4, 299 OOK 163 
9. 623 101 182. 
10. 06 09 }62 


Se 


footnote 2. 
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Froure 2. Collisions of mercury drops of two stzes against 
2024-0 aluminum 
Curve A, calculated using eqs (1) and (2) for 0.1-em drops 
, observed depth produced by collision with 0.1-em drops 


2) for 0.2-em drop 


2-cm drops. 


B, caleulated using eqs (1) and 


Cury 
lepth produced by collision with ¢ 


, observed 


eurve A, calculated for the O.1-em drop size, Is in 
better agreement with the observed depths produced 
by collision with 0.1-em drops than curve B, caleu- 
lated for the 0.2-em drop size, is with the observed 
depths produced by collision with 0.2-em— drops. 
There is quite a bit of seatter in the experimental 
points for both drop sizes. 

As in the case of the pit-depth-versus-velocity data 
for copper, there would be better agreement between 
the theoretical curves and the empirical data if the 
calculated intercept velocity, Vj, were smaller. In 
the case of the 2024—O0 aluminum, the dynamic vield 
strength used for /” in computing V7, was calculated 
from the measured static vield strength (see table 2) 
and should be fairly reliable. 

The numerical constants used in eqs (1) and(2) 
were originally chosen [1] using pit-depth-versus- 
velocity data (see footnote 2) for metals whose static 
vield strength and whose sound speed in_ infinite 
medium were not measured experimentally. Tt may 
be found necessary to change the constants in the 
when more pit-depth- 


equations to some extent 
versus-velocity data become available using targets 
of metals for which these quantities have been 
measured, 

Although eq (2) appears to be the most acceptable 
expression for the intercept velocity on the basis of 
the available experimental data for collisions of 


liquid drops against solids [1], it is possible that, 
when more data are obtained and the problem is 
studied further, it} may be found necessary to 
modify it. 


3.2. Collisions Between Metal Target Plates and 
Waterdrops 


The experimental pit depths for collisions of 
(.2-cm waterdrops against target plates of annealed 
electrolytic tough pitch copper are listed in table 5. 
They are plotted in figure 3 with the theoretical curve 
caleulated using eq (1) and (2) and the data in table 
2. The theoretical curve is in acceptable agreement 
both as to slope and intercept with the experimental 
data. There is, unfortunately, a large amount of 
scatter in the experimental data which reduces their 
effectiveness as a check of the theoretical equations. 


Taspie 5. Experimental data®* for collisions of 0.2-cem water- 
drops with annealed electrolytic tough pitch copper 
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PiGURE 3 Collisions of O.2-em waterdrops against annealed 


electrolytic tough pitch copper 


ilculated using eqs (1) and (2) for 0.2-em drops 
observed depth produced by collision with 0.2-em drops, 


The experimental pit depths for collisions of 
().2-cm waterdrops against target plates of 2024—O 
aluminum are listed in table 6. They are plotted in 
figure 4 with the theoretical curve calculated using 
eqs (1) and (2) and the data of table 2. The theo- 
retical curve is a good fit for the experimental data 
both as to slope and intercept. This is more signifi- 
cant than the extent of agreement found between the 
theoretical curve and the experimental data in 
figure 3 because there is considerably less scatter in 
these data than in those obtained with the copper 
targets. 

The agreement found between the theoretical 
curves and the experimental data in figures 3 and 4 
is an indication that eqs (1) and (2) may be reliable 


TaBLeE 6. Experimental data® for collisions of 0.2-cm 


waterdrops with 2024-O aluminum 
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Figure 4. Collisions of 0.2-cm waterdrops against 2024—O 


aluminum. 


, calculated using eqs (1) and (2) for 0.2-em drops; 
>, observed depth produced by collision with 0.2-em drops. 








in their present form for calculating the depths of 
pits formed in the soft and medium hard metals as 
a result of collision with liquid drops. Although the 
speed of sound in mercury is nearly identical with 
the speed of sound in water, the density, and, 
therefore, the acoustic impedance, of mercury is very 
much higher than that of water. Further test of the 
equations should be made, however, using drops 
of a liquid that has a sound speed different from 
that of mercury or water. 


4. Solid-Against-Solid Collisions 


Because the pit-depth-versus-velocity equation 
developed [1] for collisions of target plates of the soft 
and medium hard metals with liquid drops ignored 
such characteristic fluid-flow parameters the 
Weber number and the Reynolds number, it should 
apply equally well to pits produced by collision of 
solid spheres with target plates of the same types of 
metals. The equation may, in fact, be substantiated 
further with data of this kind. To explore this 
possibility, 2.5-em- (1-in.-) thick plates of 1100-O 
aluminum, 2024-O aluminum, and annealed electro- 
lytic tough pitch copper were used as targets for steel 
sphere impingement. The test firings were made at 
the U.S. Naval Research Laboratory in Washington, 
D.C., under the direction of Mr. Wilfred J. Ferguson 
and Mr. Harry O. Ewing. Most of the shots were 
made using a target mounting in which the plate was 
given edge support only. In this form of mounting 
the rear face of the target plate was a free surface. 
These data are presented and discussed in sections 
4.1, 4.2, and 4.3. One set of data was obtained for 
collisions of steel spheres against 2024—-O aluminum 
target plates backed with a 12.7-by-15.2-em (5-by-6- 
in.) steel supporting block 7.6-em (3-in.) thiek. In 
this form of mounting the rear face of the target 
plate was not a free surface. These data are pre- 
sented and discussed in section 4.4. 

The velocity measurements were made using a 
Potter chronograph. The base length was 30.5 cm 
(12 in.). The chronograph was started and stopped 
by breaking conducting grids. The distance from 
the midpoint of the base length to the target face 
was 58.4 em (23 in.); the velocity measurements 
were not corrected for deceleration of the steel 
spheres during transit over this distance, 

The steel spheres were SKF Grade 1 and had an 
approximate hardness of 60 on the Rockwell C seale. 
These spheres have a high order of accuracy in di- 
mensions because they are made for ball bearings. 
Three sphere sizes were used for the firings: 0.5556-cm 
(“4o-1n.), 0.7938-em (j6-In.), and 1.270-em_ = (‘5-in.) 
diameter. 

The depths of the pits produced by impingement of 
the steel spheres against target plates of the three 
metals were measured using an Ames dial gauge 
graduated in mils. Each depth measurement is the 
difference between the dial reading at the pit bottom 
and an average of four dial readings taken on the 
surface of the target plate around the mouth of the 
crater, 


as 


4.1. Collisions of Steel Spheres With Target Plates 
of 1100-O Aluminum 


The velocities at which the shots were made and 
the depths of the pits produced in’ the 1100-0 
aluminum plates are given in table 7 for the three 
sizes of steel spheres used. 

The pit-depth-versus-velocity curve for collisions 
of steel spheres with 1100-O aluminum was first 
calculated according to the equations that were 
developed for collisions between metal target plates 
and liquid drops. Although the experimental pit- 
depth-versus-velocity data were found to lie along 
straight lines, the slope of the lines was found to be 
much steeper than that of the lines given by the pit- 
depth-versus-velocity equation for collision of liquid 
drops against target plates of the soft and medium 
hard metals. This is to be expected because in the 
case of the very hard steel-sphere projectiles most of 
the collision energy is used in forming the pits, 
Whereas in the case of projectiles that flow during 
and as a result of the collision, part of the collision 
energy is used in the flow of the projectile. 


TABLE 7. Hr pe rimental data * for collisions of steel spheres 
of three sizes with 1100-0 aluminum 
Sphere diameter 0.555 Sphere diameter 0.7938 Sphere diameter 1,270 
em (7/32 in em (5/16 in em (1/2 in 
Velocity Pit depth Velocity Pit depth Velocity Pit depth 
104 cm se cm 104 cm, se¢ cm 14 em sec cm 
0). O7S4 O10, O. 7168 O11 (), SST (), 225 
1. 01S 104 9723 14, 1.055 27 
1,049 th 1. 265 19 1. 295 . 324 
1.411 14. 1.414 21 1. 5AS 345 
1. 457 15 1. 400 22 1. 609 3M 
1. 704 Is 1. 506 2335 1. 759 445 
1. S71 1Y 1. 530 235 1807 HH, 
2.140 225 1. H4t 25 2. 009 52 
2. 146 23 1. 661 35 2. OS2 55 
2. 57H 2u 1. 783 27 pia | HOs 
2.8605 3A, 1.789 27 2. 128 ) 
3. 10% 37 1. 862 . 29 2.414 f) 
1. 993 31 
2. 137 34 
2. 423 37 
* These data were obtained at the U.S. Naval Research Laboratory, Washing 


ton, D.C 


To fit the experimental data, it was found by trial 
that it was necessary to increase the numerical 
constant in the expression for pit depth to 17.5 and 
to reduce the numerical constant in the expression 
for the intercept velocity to 1. With these changes, 
the pit-depth-versus-velocity equation for collisions 
of projectiles that neither flow nor undergo appre- 
Giable permanent vield with targets of the soft and 
medium hard metals is 


6’=[17.5 d z/ce(z+2’)]- 

where 
V =’ (2+2’)/(pc’2’ (4) 
The theoretical pit-depth-versus-velocity curves, 
calculated using eqs (3) and (4) and the data in table 
| 2, for collisions of steel spheres of three sizes against 
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1100-0 aluminum target plates are shown w 


experimentally determined points in figure 5. 


experimental points lie along the theoretical 
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TABLE 8. 


Experimental data * for collisions 
of three sizes with annealed electrolytic tough pitch a 


of steel spheres 

















In par { ic ul: ae. it ‘An be seen that the e feet of 2 Pri yey — a — diameter 
: : : 5556 ¢ 2 .7938 em (16 in.) .270 cm (42 in.) 
change in sphere size is properly accounted for by 
the equat 1OnS. Velocity Pit depth Velocity Pit depth Velocity Pit depth 
104 cm/sec cm 104 cm/sec cm 104 em/sec em 
1. 100 0. OS: 0. 7803 0. 099 0. 4084 0. OSs 
0.7[- —— ———— —— = 1. 372 10 9388 . 106 | . 4389 - 092 
C 1. 500 154 1.119 . 124 . 9601 . 184 
1. 87S . 18s 1, 283 - 145 1. 353 . 240 
1. 981 oi 1. 588 «ds 1.411 . 249 
2. 121 - 154 1.740 18s 1. 426 - 250 
ies fe) 2. 124 . L5e 2 280) 249 1.451 - 309 
sales 2. 158 It 2. 377 26) 1. 868 . 30; 
2: 220 . 16¢ 2. 457 27 1. 966 . 354 
2. 234 iy 2. 036 . 369 
2, 256 17 2. 060 377 
2. 271 17 2. 134 . 425 
).5 2. 316 o Eat 2. 204 . 395 
2. 646 20. 2. 216 - 406 
2. 685 20, 2. 694 . 573 
2. 960 23 2. 704 . 385 
3. 560 IS, 3. 066 . 5Ro 
3. 109 495 
£ 0.4 | 3. 225 . 622 
o 3. 432 . 638 
z : 
ie * These data were obtained at the U.S. Naval Research Laboratory, Wash- 
~ | ton, D.C, 
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_ observed depth produced by collision with 1.270-em (12-in.) spheres 
| 
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4.2. Collisions of Steel Spheres With Target Plates | 
: : | 
of Annealed Electrolytic Tough Pitch Copper | 
ry. . . | 
The velocity at which the shots were made and the | 0.1 F 4 
depth of the pits produced with three sizes of steel | 
spheres against 2.5-em-(1-in.-) thick pl: — annealed | 
electrolytic tough piteh copper are given in table 8. | 
rm . . . . . | 
Theoretical pit-depth-versus-velocity curves, calcu- | 0 n n — 
| 10] | 2 a 4xl0 
| 


lated using eq (3) and (4) and the data in table 2, 
are shown with the experimentally determined points 
in figure 6. There is quite a bit of scatter in the 
experimental data for the 1.270-em-('4-in.-) diam 
steel spheres. Nevertheless, hvewe in general, 
good agreement between the theoretical curves and 
the observed points. The effect of a change in 
sphere size is properly accounted for by the equations. 


IMPINGEMENT VELOCITY, cm/sec 


Collisions of steel spheres of three sizes against 
annealed electrolytic tough pitch copper. 


FIGURE 6. 


Curve A, calculated using eqs (3) and (4) for 0.5556-em (742-in.) spheres; 
A, observed depth produced by collision with 0.5556-em (72-in.) spheres; 
Curve B, calculated using eqs (3) and (4) for 0.7938-cm (51.6- -in.) spheres; 
-], observed depth produced by collision with 0.7938-em (5(6-in.) spheres; 
Curve C, calculated using eqs (3) and (4) for 1.270- cm (%-in.) spheres; 

, observed depth produced by collision with 1.270-em (14-in.) spheres 
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4.3. Collisions of Steel Spheres With Target Plates 
of 2024-O Aluminum 


The velocity at which shots with three sphere 
sizes were made against plates of 2024-O aluminum 
and the depths of the pits that were produced by the 
shots are given in table 9. Theoretical pit-depth- 
versus-velocity curves calculated using eq (3) and (4) 
and the data in table 2 are shown with the experi- 
mental data in figure 7. For each sphere size used, 
the experimental points lie below the theoretical 
curve. 


Experimental data * for collisions of steel spheres ef 
three sizes with 2024-0 aluminum 


TABLE 9. 


Sphere diameter 0.555 Sphere diameter ©.793S Sphere diameter 1.270 


cm 32 In. em 6 in cm nm 


Velo Pit depth Velocity Pit depth Velocity Pit dept 
Ir ; €( cm li cm sec em 10! cm xe 
1113 0.07 , 7S94 Ooo 0. 5578 0.19 
1.451 IK 1. 67 iW) 5S22 [= 
1. 542 10 1. B05 14 1, 207 "y 
1. S81 1 1. 64S 17 l. 32 Ps 
2.173 l 1.771 1s 1. 400 24 
2. 274 Is. S82 1S 2. 039 34 
2. 308 It 2. 85H 34 ya 9 4 ts 
2. 448 7 2.780) 14 
2.701 l 2. 786 10 
4. 301 6H? 
3. 84 
548 ti 
3, H5s 
| ita were 1 t} is *% } h J 
Wa t 1). 


Four possible reasons for this discrepancy were 
explored. (1) In. steel-sphere collisions with ma- 
terials as strong as 2024-O aluminum. the 
sphere may be permanently deformed and in this 
way part of the collision energy may be diverted 
from pit formation, whereas in the case of the very 
soft metals all of the collision energy may go into pit 
formation. (2) In view of the fact that heat-treated 
2024 aluminum is subject to spalling, energy may be 
diverted from pit formation into crack formation, 
although this is unlikely in the case of the annealed 
metal. (3) Sound is attenuated to different degrees 
in the target metals used. (4) The target: metals 
that were used work-harden by different amounts. 

To check the first possibility, two 1.270-em-('5- 
in.-) diam steel spheres that were fired against target 
plates of annealed copper and 2024-0: aluminum, 
respectively, were recovered. The sphere that struck 
the copper target plate had a collision velocity of 
3.43210! em/see (1,126 ft/sec) and the sphere that 
struck the 2024-0 aluminum target plate had a col- 
lision velocity of 3.650% 10% em see (1,200 ft see 
These spheres were examined with a microinterfer- 
ometer in the NBS Engineering Metrology Section. 
It was found that the diameter measured through 
the impact area of the sphere shot into copper was 
0.0025 em (0.0010 in.) smaller than diameters meas- 
ured outside of the impact area and that the diam- 


steel 
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FIGURE Collisions of steel spheres of three sizes against 
2024-0 aluminum. 
Curve A, calculated using eqs (3) and (4) for 0.5556-em (7 22-in.) spheres; 
4, observed depth produced by collision with 0.5556-em (7 42-in.) spheres 
Curve B, calculated using eqs (3) and (4) for Q.7938-em 6-In.) spheres; 
observed depth produced by collision with 0.7°38-em in.) spheres; 
Curve C, calculated using eqs (3) and (4) fer 1.270-em (12-in.) sphere 
observed depth produced by collision with 1.270-em (!.-in.) spheres 


eter measured through the impact area of the sphere 
that was shot into 2024-0 aluminum was 0.00020 ¢m 
(0.00008 in.) smaller than diameters measured out- 
side of the impact area. On the basis of this evidence 
it cannot be concluded that a larger percentage of 
the impact energy is absorbed hy a steel sphere on 
colliding with 2024-0 aluminum than on colliding 
with annealed copper. In feet, the reverse is: the 
case. Deformation of the steel sphere is not. the 
cause of the divergence of the 2024-0 aluminuin ex- 
perimental pit-depth-versus-velocity. data from the 
theoretical curves. 

Cross-sectional cuts of the pits produced by these 
spheres were mounted in epoxy plastic in the NBS 
Mechanical Metallurgy Section (see fig. 8) They 
were given a high polish and examined with a micro- 
scope for evidence of crack formation. No evidence 
of crack formation was found. The cross section of 
the pit in 2024-0 aluminum was then etehed in an 
effort to accentuate any cracks if they existed, but 
no eracks were found. Crack formation in the tar- 
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vet ois, therefore, not the cause of the divergence of 
the 2024-O aluminun experimental pit-depth-versus- 
velocity data from the theoretical curves. 

It wes then thought that the compressional wave 
erxused by the collision may have reflected ten- 
sion wave from the free reverse surface the 
2024-0 aluminum target plate and may have re- 
turned the collision surface with the effect of 
filling in the pits. This possibility is in agreement 
with the fact that attenuation of sound ereater 
in 1100-0 aluminum and in annealed copper than it 
Is in 2024-0 aluminum. 
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To test this possibility a 1.59-em-(%-in.-) thick 
plate of 1100 aluminum was cut to fit one of the 
2.5-em (1-in.-) thick target plates of 2024—O alumi- 
num and was annealed under the same conditions 
as those that were used for the 1100-O aluminum 
targets. The contact surfaces between the two 
plates were machine ground and polished until, when 
they were pressed together, one plate was able to lift 
the other. They were tightly clamped together and 
11 test firings were made against the combination 
target plate. The reverse (1100-O aluminum) face 
of the combination target plate was maintained as 


a free surface during the firings. Steel spheres 
0.7938 em (6 in.) in diameter were used for the 


shots. 

It was hoped that if the compressional waves 
produced by the collisions had been returning to the 
collision surface as tension waves, they would now 
be prevented from doing this by attenuation on 
transit through the 1100-O aluminum. However, 
when the measured pit depths were plotted against 
the impingement velocity, it was found that the 
points were in complete agreement with those 
obtained without the 1100-O aluminum backing 
plate. The pit-depth-versus-velocity data are given 
in table 10. Apparently the return of the reflected 
tension wave to the collision surface is unable to 
explain the divergence of the 2024-O aluminum 
pit-depth-versus-velocity data from the theoretical 
curves. It is possible, however, that the degree of 
attained between the 2024—-O 


contact that) was 
aluminum target plate and = 1100-O) aluminum 


backing plate may not have been sufficient to ensure 
transmission of the elastic waves. 


TaBLe 10. Experimental data* for collisions of *i6-in. steel 
spheres with a 2024-O aluminum and 1100-O aluminum 
combination target 

Collision Pit depth 

velocity 

14 cm/sec cm 
0. 9601 0. 09. 
1. 261 12 
1.478 14 
1. 646 1 
1. 800 1%) 
2.1038 22 
2. H03 2S, 
2.73 29 
2. S41 294 
3. 203 36 
3.755 15 

These data were obtained the U.S. Naval Research Laboratory, 


ishington, D.C 


The explanation was finally sought in the work- 
hardening properties of the three target metals. 
When a rigid sphere impinges against a metal target 
plate, shear exist around the cylinder of 
target metal that is set in motion as a result of the 
collision, as indicated by the arrows marked 74 1n 
ficure 9. Shear stresses also exist in the target metal 
around the point of impingement as indicated by 
the arrows marked 7, in figure 9. It seems reason- 


stresses 











by ad 


Shear stresses produced in a metal plate 
impinging steel sphere. 


FIGURE 9. 


able that, if the metal does not work-harden readily, 
or if the z,-shear stress is small, most of the plastic 
flow that takes place will occur as a result of the 
shear stress 7, that exists below the collision area. 
If, however, the metal work-hardens extensively 
while this process is initiated, then flow as a result 
of the shear stress 7, will be inhibited. In this case 
flow will occur as a result of the shear stress 7z,, if 
the z,-shear stress is appreciable, and the surface of 
the metal will be raised in a ring around the mouth 
of the pit that forms as a result of the collision. 

It can be seen by laying a straight edge across 
the mouths of the crater cross sections shown in 
figure 8 that there is a considerable elevation of the 
target metal around the crater in the case of the 
2024—O aluminum. Visual inspection of the target 
plates revealed that there was some rising of metal 
around the craters, especially in the case of the 
largest sphere size, for each of the target metals 
used. It appeared, however, to have occurred to a 
somewhat greater degree in the case of the 2024—-O 
aluminum than in the case of the 1100—-O aluminum 
or of the annealed electrolytic tough pitch copper. 

Equations (1), (2), (3), and (4) were developed on 
the assumption that the principal movement that 
occurs as a result of a liquid-drop or of a steel-sphere 
collision with a metal target plate is that of the core 
of metal under the collision area [1]. If any other 
flow process (such as that resulting from the shear 
stress tg) becomes appreciable in a specific target 
metal, these equations cannot be expected to apply 
to pits formed in that metal. 

The tensile stress-strain curves (fig. 10) provide a 
means of comparing the work-hardening properties 
of the 1100—O aluminum, annealed electrolytic tough 
pitch copper, and 2024—O aluminum used in the 
collision experiments. Work-hardening of metals 
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Figure 10.) Stress-strain curves for 11O00-O aluminium, 2024-0 
aluminum, and annealed electrolytic tough pitch copper. 


mav be evaluated by the tangent modulus [4]. The 
tangent moduli for the three metals in the range of 


strain from 0.003 to 0.004 are 1.5610" dem? 
(226,000 psi), 38.8110" d/em? (553,000 psi), and 
6.3510!" d/em? (921,000 psi), respectively. These 
data suggest that the 2024-O aluminum work- 


hardens much more than does the annealed electro- 
lytic tough pitch copper or the 1100—-O aluminum. 
Copper is the main alloying element in 2024 alumi- 
num. Thomas and Nutting [5] have also found 
that aluminum-copper alloys that were given a 4-hr 
soak at 535° C (995° F) followed by water quenching 
work-hardened more than pure aluminum that was 
annealed for 3 hr at 600° C (1,112° F). 

The work-hardening behavior of the three metals 
is in agreement with the fact that the pit-depth- 
versus-velocity data for 1100—O aluminum and for 
annealed electrolytic tough pitch copper are well 
fitted by the theoretical curves calculated using eq 
(3) and (4), whereas those for 2024—-O aluminum 
are not. It is possible that the plastic vield that 
occurs in 1100-0 aluminum and in annealed electro- 
Ivtic tough pitch copper as a result of impingement 
of steel spheres may be caused almost entirely by 
the shear stress 7,, whereas the plastic vield that 
occurs in 2024—-O aluminum as a result of impinge- 
ment of steel spheres may be caused both by the 
shear stress 7, and the shear stress 7,. 

Kor mercury-drop and waterdrop inpingement 
the pit-depth-versus-velocity data for 2024—O alumi- 
num were well fitted by the theoretical curves caleu- 
lated with use of eqs (1) and (2) (see fig. 2 and 4). 
This is not a contradiction because it is likely that 
the zy-shear stress is smaller for the case of pro- 
jectiles that flow during and as a result) of the 
collision than for the case of projectiles that do not 
flow. 

More data, using steel-sphere projectiles and 
target metals that have different) work-hardening 
properties, are needed to prove whether or not this 
explanation is correct. 


4.4. Collisions of Steel Spheres With Target Plates 
of 2024-O Aluminum That Were Backed With a 
Heavy Steel Supporting Block 


It has been pointed out that eqs (1), (2), (3), and 
(4) only apply to the case in which the target plate 
has edge support during the firings; the reverse side 
of the target plate must be a free surface. This is 
because the model on which eqs (1), (2), (3), and (4) 
are based involves the movement of the core of tar- 
get material under the collision area with respect 
to the remainder of the target plate [1]. If the tar- 
get plate is backed by a heavy metal plate or block, 
the reverse face of the target plate is not a free sur- 
face, the core of material under the collision area is 
not free to move with respect to the remainder of 
the target plate, and eqs (1), (2), (8), and (4) do not 
apply. 


Pit-depth-versus-velocity data were obtained for | 


collisions of steel spheres of three sizes against 2.5- 
em (1-in.-) thick target plates of 2024—O aluminum 
backed with a 12.7-by-15.2-em (5-by-6-in.) steel sup- 
porting block 7.6-em (3-in.) thick. These data are 
of no value as far as substantiation of eqs (1), (2), 
(3), and (4) is concerned. They are presented to 
show how the pit-depth-versus-velocity curve differs 
for the two modes of support of the target plate dur- 
ing the firings. These data are listed in table 11 
and are plotted in figure 11 where best-fit curves 
have been drawn through the data for each size of 
steel sphere used. It can be seen from figures 7 and 
11 that when the reverse side of the target plate ts 
a free surface, the pit-depth-versus-velocity curve 
is a straight line, but that when the reverse side of 


Tasie ll. Experimental data * for collisions of steel spheres 
of three sizes with 2024—O aluminum backed with a_ steel 
supporting block 

Sphere diameter Sphere diameter Sphere diameter 
0.5556 em (732 in 0.7938 em (16 in 1.270 em (42 in. 
Velocity Pit depth Velocity Pit depth Velocity Pit depth 
104 cm see cm 104 cm sec cm 104 em/sec em 
1. 106 0), 744 0. 6035 0.09 0. 9753 0.16 
1, 192 OS 1.012 11 S45 i 
1. 296 OS; 1. 186 14 1. 341 20 
34% 10) 1. 247 12 1. (64 28 
1, S44 12 es Ba a 1. 966 33 
2. 024 14 1. 35¥ 13 2. O04 37 
2.115 14e 1 3M4 13 2.1438 Pe 7 
2. 298 16 1. $S4 18 2. 146 37 
2. 40S 17 1417 i+ > 2 14 
2.445 179 1. 436 14 2. 697 ay | 
2. 502 Is: 1. 4S] 135 2. 780 49 
2,609 IS 1. 508 l4o 3. 283 61 
6] iY 1. 622 VW 4. 341 { 
2 ol 1S< 1. 786 17 
» HSS 14. 1. $23 IS 
3. 5E 23 1. 939 14 
2I1¢ 25 > 057 21 
2. 21¢ 23 
2.640 28 
3. 250 $f 
3. 572 }} 
1.209 n2 
1 S46 4 
Phe ita were obtained at the ULS. Naval Research Labor:tory, Wash- 
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Figure Il. Best-fit curves for collisions of steel spheres against 
2024—O aluminum targets backed with a heavy steel supporting 
block. 

\, observed depth produced by collision with 0.5556-cm (742-in.) spheres; 
GC, observed depth produced by collision with 0.7938-em (446-in.) spheres; 
>), observed depth produced by collision with 1.270-em (-in.) spheres. 


the target plate is not a free surface (use of a back- 
ing plate or block), the pit-depth-versus-velocity 
curve is not a straight line. 

For the case that the reverse face of the target 
plate is a free surface, the projectile is stopped by 
resistance to the movement of the core of metal 
under the contact area. For the case that the re- 
verse face of the target plate is not a free surface, 
the projectile is stopped by resistance to extrusion 
of metal around the crater. 


5. Liquid-Against-Liquid Collisions 


Very little study has been made of collisions that 
occur when liquid drops collide with a target liquid. 
It was postulated by Opik [6] nearly 25 vears ago, 
later by Pack and Evans [7], and recently by others 
[8] that at extremely high impingement velocities 
solid targets and projectiles will behave as though 
they were liquids. Opik stated, ‘The ‘aerodynamic’ 
pressure at the penetration of a meteor into rock is 
of the order of 10°—-10° atmospheres, or more than 
1,000 times the plastic limit of steel; no doubt all 
solid materials under such pressures must behave 
like liquids; thus the problem of meteor impact is 
the case of the impact of a liquid drop of given 
density 6 into a liquid medium of density p.” 

It has been found that when solid-sphere projec- 
tiles made of the soft ductile metals are fired at 
sufficiently high impingement velocities against 
targets of the same metal, they flow like liquids 
during and as a result of the collision. Pit depth for 
such solid-against-solid collisions has been found 
[1] to be given by eqs (1) and (2) which apply to colli- 
sions of liquid drops against metal plates. 








If the impingement velocity is Increased further, 
it is reasonable to suppose that the behavior pre- 
dicted by Opik [6] will eventually be found; the 
target as well as the projectile will liquefy during the 
collision. For such collisions that occur at meteor 
velocities Opik [6] found that the impingement 
velocity has only a small effect upon the depth of 
penetration. If this is the case, the pit-depth-versus- 
velocity curve for such collisions should run a/most 
parallel to the velocity axis. The penetration 
formula developed by Pack and Evans [7] has no 
velocity dependence. 

It appears that the straight-line, low-velocity, 
liquid-against-solid, and _— solid-against-solid _ pit- 
depth-versus-velocity curves for collisions of liquid 
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drops and rigid steel spheres with metal plates must 
approach the high-speed liquid-against-liquid curve 
in some way when very high impingement velocities 
are reached. This is represented schematically in 
figure 12 where dashed lines have been used to in- 
dicate projected types of behavior. 

Equations (1), (2), (3), and (4) will not apply 
either in the transition regions or in the velocity 
range of high-speed liquid-against-liquid collisions. 
An analysis of liquid-against-liquid) collisions is in 
progress. 
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Theory of Formation of Polymer Crystals with 
Folded Chains in Dilute Solution 


John I. Lauritzen, Jr., and John D. Hoffman 
September 9, 1959 


A detailed interpretation of the kinetics of homogeneous nucleation and growth of 
crystals of a linear homopolymer from dilute solution is given. The probability of forming 
both nuclei with folded chains, and conventional bundlelike nuclei, from dilute solution is 
analyzed, It is predicted that at sufficiently high dilution, critical nuclei of length I¥ will 
be formed from single polymer molecules by sharp folding of the chain backbone. The 
step height of the nucleus is given approximately by * =4g-/Af. Here g- is the free energy 
required to form a unit area of the loop-containing end surfaces, and Af is the free energy 
difference per unit volume of crystal between the crystalline and solution states. The 
quantity Af is approximately proportional to the degree of supercooling AT. The growth 
of these nuclei is then analyzed. After growth, the resulting crystal is flat and platelike, 
the loops formed by the chain folds being on the upper and lower surfaces. Kinetic factors 
determine that the distance between the flat surfaces in the grown erystal wiil vary over 
only a narrow range about a value that is in the vicinity of *=4¢,/Af. (Neglecting effects 
due to edge free energies, the theoretical upper and lower limits arel* do. Af and1|* 2o-/Af, 
respectively.) In some cases the predicted temperature dependence of the step height of 
the grown crystal, *— const. AT, may be modified by the existence of a constant term result- 
ing from the presence of an edge free energy €,. A grown loop-type crystal is predicted to be 
stable in comparison with a bundlelike crystal of the same shape and volume in a sufficiently 
dilute solution. The logarithm of the nucleation rate is approximately proportional to 
1 (AT)? near the melting point. Theexponent nin the free growth rate law is predicted under 
various assumptions. To the extent that comparison is possible, the predictions given agree 
with the experimental results obtained by Keller and O’Connor and others on single crystals 


of unbranched polvethylene grown from dilute solution. 

A survey is given of homogeneous nucleation in bulk polymers, where the conventional 
bundlelike nucleus containing segments from many different molecules is valid, and the 
essential results Compared with those calculated for the dilute solution case. 

The theory given for loop nuclei is both general and precise enough at the critical points 
to suggest that, on crystallization from sufficiently dilute solution, crystals of a definite step 
height are commonly to be expected for other erystallizable linear polymers than polyethyl- 
ene, provided loop formation Is sterically possible. 


1. Introduction 


Recently, a number of investigators [1, 2, 3, 4],' 
have prepared single ervstals of high molecular 
weight linear polvethylene by precipitation from 
dilute solution through supercooling. As observed 
with an electron microscope, these crystals are shaped 
like flat parallelepipeds, and the X-ray studies of 
Keller | 1,2) show that the polymer chains are oriented 
perpendicular to the flat surfaces. The separation 
of the flat surfaces is nominally about 120A, and is 
sufficiently well defined to produce fourth-order re- 
flections with low angle X-rays. The separation of 
the flat surfaces, which for conventence will be called 
the “step height,” actually depends on the crystal- 
lization temperature, the step height being distinetly 
smaller at low crystallization temperatures than it 
isat high ones. Since the mean length of the poly- 
ethylene molecules is far in excess of 120A, Keller has 
proposed that the polymer molecules must be sharply 
folded in the erystals; the loops resulting from these 
folds form the two flat surfaces of the platelike 
crystals. 


1 Figure rackets indicate the literature references at the end of this paper. 
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There appears to be no simple alternative to the 
initially somewhat startling proposal that the single 
crystals observed involve chain folding, and we be- 
lieve that Keller’s hypothesis may be accepted. 
Keller has indicated that the idea of chain folding 
in polymers is not entirely new, and refers to an 
earlier suggestion due to Storks [5}. 

The objective of this paper is to present a theoreti- 
cal account of how polymer crystals with chain 
folds are formed in dilute solution, and why they 
have the properties they do. It will emerge that 
erystals with chain folds arise in dilute solution 
because a primary (homogeneous) nucleus of this 
type is on kinetic grounds the most likely to appear. 
Once such a nucleus is formed, it can be shown that 
the subsequent two-dimensional growth will closely 
follow the pattern established by the primary nucleus. 
Thus, the basic reasons such crystals form is to be 
found in the kineties of nucleation and growth. 

The situation is quite different for homogeneous 
nucleation in a highly crystallizable bulk polymer. 
First, the primary (homogeneous) nucleus in bulk 
polymers is thought to be formed by an alinement 
of segments of different polymer chains to form a 











bundlelike nucleus without folds [6, 7], and second, 
the mean crystallite size in a semicrystalline bulk 
polymer that has not reached its equilibrium crystal- 
lite size distribution (a very difficultly achievable 
state by any account) is determined largely by the 
nature of impingements and chain entanglements, 
and possibly certain strain effects, together with the 
kinetics of nucleation and growth [6]. (The particu- 
lar type of strain meant here is that which becomes 
increasingly great with radial growth.) Eventually, 
of course, the metastable distribution of crystallite 
sizes resulting from impingements will change as the 
impingements relax, and other mechanisms take 
place, and the equilibrium distribution with large 
crystallites will be slowly approached, but this does 
not alter the fact that impingements, entanglements, 
and possibly strain play an important, if not domi- 
nant, role in determining the crystallite size in bulk 
polymers as they are ordinarily found in the semi- 
crystalline state. Impingements and entanglements, 
play no important role in impeding the crystallization 
in dilute solution. 

In order to provide a clear development of the 
theory of crystallization of chain molecules from 
dilute solution, it is necessary first to bring out some 
general points connected with homogeneous nuclea- 
tion theory. At the same time, it is advantageous 
to mention certain general features of homogeneously 
induced crystallization in bulk polymers. 


2. Homogeneous Nucleation and Crystal 
Growth in Bulk Polymers 


2.1. Homogeneous Nucleation in Bulk Polymers 


According to Turnbull and Fisher [8], the equilib- 
rium rate of homogeneous or primary nucleation in 
a supercooled bulk phase may be written as 

NT -ar*x7,-46* AT 
I ( ; 
h 


(1) 


where V is Avogadro’s number, / Boltzmann’s con- 
stant, A Planeck’s constant, 7 the absolute tempera- 
ture, AFF the free energy of activation of the super- 
cooled-liquid nucleus interface, and Ag? the free 
energy of formation of a primary (homogeneous) 
nucleus of eritical size. In eq (1), J is in nuclei- 
mole ~The quantity J (kk Ty h)exp| AF3/kT], 
which is the jump rate in events per second at the 
interface, may be written (kT hjyexp[ AS? & 

AH; kT), where AS* is the entropy of activation, 
and A/7* the enthalpy of activation. For a poly- 
mer, it may be assumed that the smallest unit that 
may attach to the embryo or nucleus in an element- 
ary process is . small segment of molecular weight 


Lisee 


as 


M and length J. Hence we may write eq (1) in 
the form sl a 

I Ii : D << (2) 
where J, is (NET AMV )exp(AS*/k), which has the 


units nuclei-em~*-see~!. The quantity V; is the spe- 


cific volume of the supercooled liquid at the temper- 
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ature of crystallization. The main item of interest 
here is the form of Ag; for bulk polymers. The 
Turnbull-Fisher equation is derived on the assump- 
tion that many elementary steps are required to 
reach Age. 


In a bulk polymer, it is commonly assumed that 


the nucleus is bundlelike, and is formed through 
the alinement of segments of different polymer 


chains [6, 7]. This hypothesis certainly seems plaus- 
ible for a bulk polymer, and can be used to give a 
detailed interpretation of the rate of injection. of 
primary nuclei in a bulk polymer. 

Two general types of bundlelike primary nuclei 
must be considered. The first of these is one where 
there is no minimum restriction on the length, or 
the number of segments contained in its cross-sec- 
tional area. Calculations for this nucleus vield  re- 
sults that are valid in a temperature range near 
the melting point, region A. The second is a nucleus 
where the length is restricted to J) (which is the 
length of a segment), but where the number of seg- 
ments in the cross section is still unrestricted. Re- 
sults obtained for this nucleus are valid in a temper- 
ature range, region B, that extends from somewhat 
below the melting point to a temperature that is 
considerably lower. A discussion of the properties 
of these two types of bundlelike nuclei has been 
given in an earlier publication [6], and what is given 
below is intended mainly summary. At still 
lower temperatures, region C type nucleation will 
prevail, and this will be brought into the discussion 
at the proper place. 


as a 


Region A: Consider first the nucleus with un- 
restricted length and cross-sectional area. ~The 
model used is illustrated in figure la. For this 


nucleus, the free energy of formation may be written 
ina general way as 


Ad,.4, =2vac, +C'y vala,—val Af. 
Here vy is the number of segments in the cross section 
of the nucleus, a the cross-sectional area of a segment, 
/ the length of the nucleus, Coa numerical constant 
that depends only on the shape of the cross section, 
and Af the free energy difference per unit volume of 


crysti al between the Supe ‘reooled liquid and the crys- 
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tal. The quantity va is the area of the end of the 
nucleus or embryo. The quantity o, is the work 
required to form a unit area of the lateral surface 
from the crystal, and o, 1s the corresponding work 
for the end of the crystallite. If at any given degree 
of supercooling v and / are increased, Ad,.4) goes 
through a maximum where it has the value Ad% <4), 
and then falls rapidly through zero to. strongly 
negative values, the latter implying increasing sta- 
bility with increasing size. The critical values of / 


‘ 
« 


and va can readily be determined by. setting 
(DAG) :4)/O).a and (OAdy.4)/Oy va), equal to zero. 
Thus, 
4o 
ig - (4) 
AT 
and 
('*¢? 
(va)*=—_—-- (5) 
(Aj )° 
Substitution of eqs (4) and (5) into (3) vields the 


result 
20626. 


(Af)? 


Ads .4)= . (6) 


Thus, in region «1, where both / and va are not sub- 
ject toa minimum restriction, the rate of homogene- 
ous nucleation ts * 


r, Toe AH, kT 2C°a20,,/(AF)PKT (7) 
In this expression 
9 1 
C=? (S) 
for a evlindrical nucleus, and 
») . 
° “ art 
( y (9) 


ysin y yi 


for a nucleus where the cross section is a parallelo- 
gram with sides v and y, and apex angle y. The 
quantity (va)* is related to the square of the “ra- 
dius” of the eritical-sized nucleus. 


For a strictly evlindrical nucleus, 7*=|(va)*/r}) 


2a Af, and Ade 4) = S8moio,/(Af)*, results — that 
have been given previously [6, 9]. The reaction 


path on the free energy surface described by eq (3) 


for the formation of the critical-sized nucleus. is 
shown in figure 2.) The critieal-sized nucleus of 


length /* and “radius” [(va)/r]*® is indicated by an 
asterisk, and the reaction path is designated by the 
heavy line O Bb. The point is at a saddle 
pomt in the free energy surface. The embryo grows 
Into a nucleus and thence into the stable region 


Even if it is assumed that the nucleus is an ellipsoid of revolution, an expres 
Slon for /4 similar to eq (7) is obtained. (See S. Matsuoka and B. Maxwell, 
Plastics Laboratory Technieal Report 53E, Princeton University, 1959 When 
the nucleus is large, ice., at low supercooling, the ratio of the major and minor 
ixes is determined by o./¢, However, such a nucleus will tend to take on the 
shape of a disk on parallelepiped as the degree of supercooling is increased so that 
region 2 is approached. ‘Thus, the overall behavior of 7A, including its tempera- 
ture dependence and transition to region RB, is unaffected by assumptions con- 
erning the shape of the nucleus in region «1 
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FIGURE Free energy surface for formation of @ critical-sized 
homogeneous bundlelike nucleus for bulk polymers in region 


fale 


The reaction path is the heavy line 0-*-B. The nucleus is of critical size’at 
the saddle point marked *, The free energy surface for region B is similar, except 
that /* E 


(which is below the /—|va}} plane) by both length- 
wise and “radial”? growth. 

Region B: For a bundlelike nucleus, it is necessary 
to recognize that ¢, might possibly be considerably 
smaller than o,. As one traces the environment 
of the various segments from the interior of the 
crystal out through the lateral surface into the 
liquid phase, a sharp and quite large drop in the 
degree of order will be noticed just at the crystal 
surface. Thus, the value of o, will correspond 
reasonably closely to the surface free energy for a 
nonpolymeric molecular crystal of the same chemical 
tvpe, and will commonly lie m the range 5 to 25 
erg-cm On the other hand, the drop in degree 
of order as one traverses a path from the center 
of the crystal out through the end will not be as 
sharp as in the case above. Because of this fact it 
seems plausible to suppose that ¢, will in some poly- 
mers be rather smaller than o,. However, o, cannot 
be zero, since this would imply no difference in free 
energy between the end of the crystallite or nucleus 
and the supercooled liquid. 

The significance of the fact that ¢, may be con- 
siderably larger than o, for the bundlelike nucleus 
characteristic of primary nucleation in region «1 is 
that /*, as given by eq (4), may, at some temper- 
ature 7, that is not too far below the melting point, 


. 
« 


‘ 
< 








fall close to the irreducible seginent length, fy. In 
this case, / must not be treated as a variable near 
and below 7... Using the relation [10] 
. Ah,TAT 

i, 10 
‘: 
Where Ah; is the beat of fusion at the equilibrium 
melting temperature, 7), and AT=T7,,— 7, where 
7 is the isothermal crystallization temperature, it 
is found to a sufficient approximation that 


as Sedge 
A7 =. 1] 
/ Ah 
Here a is the degree of supercooling that COr- 


responds to the onset of region 2. At lower tempera- 
tures, We must consider a primary nucleus with 
fixed length /,, and variable va, as shown in figure Lb. 
In this case we have 


Ad, 3, = 20a, Cy valyo,—val At 12 
which leads to 
‘ (loo : , 
Va) . > 
‘ 2(1,Af—2e, j 
and 
A (126° , 
QD” B : } 
4(/, A f—20 
In region 2B (or were precisely, from somewhat 


on down to covsiderably lower temper- 
2a, mar be expected 
4) reduees to the simple 


below 7. 
atures) the condition L,Af 
to bold. With this, eq (1 


form 
C*loaz : 
Ad} =~ 2 15 
4A} 
and the rate of primary nucleation becomes 
is li MH; ; 16 
The values of © are the same as those eiven for 


region «1; for the particular case of a strictly evlin- 
drical nucleus, Ags,) is t/a? Af {6}. . 
Equations of the general form of (15) and (16 
have sometimes been sharply criticized, apparently 
because of the incorrect: belief that they could be 
derived) only the basis that 0, 


On 0, 


being generally conceded to be impossible. How- 
ever, the derivation sketehed above makes it per- 
fectly clear that eqs (15) and (16) hold if /,Af ae. 


and there is no in plication that o,=0 [6]. 
Region £ type primary nucleation will prevail 


down toa temperature 7. corresponding to a degree 


‘The relation /-—Ah;AT) 7 Ss usually emploved to give fre 1 
ference between the supercocled liquid and crystalline I} I 
Snot S precise forag¢ forming system as eq (10 


the latter 
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of supercooling of approximately 


a Ce.T. 
oe eae 
PAN ;y (pd 


(17) 


in the case that AT... will be larger than 
AT, with the result that region 4 will cover a sub- 
stantial range of temperature. 

The free energy surface described by eq (12) has 
a saddle point at /*=/, and va=(va)*. Thus. both 
the embrvo and nucleus always have a length 4). but 
once of strble size, there is no inherent restriction on 
the addition of increase the leneth, 
Lengthwise growth is in fact certain to occur [6]. 
Such a nucleus will increase in size by appropriate 
erowth mechanisms until stopped by impingements 

99 


0 jy F 


segirents to 


or other factors (see see. ‘ 

Region (’: At crystallization temperatures below 
7... the “radius” of the primary nucleus, [(va)y]' %, 
will be close to the size of the unit cell. 1 it will 
contain roughly 5 to 7 segments. While this radius 
is not irreducible in a strict sense, the small size of 
the stable nucleus below 7). will lead to an excess 
number of nuclei owing to the fact thet embrvos of 
this size in the superheated state will be carried down 
in the supercooling process to the supercooled state. 
This will cause an enhanced rate of crystallization 
compared with region Bor wl. Inthe particular case 
where o, is larger than envisioned previously, and 
exceeds [Co 4 (va), |"? which is /yo. 2r, for a evlin- 
drical nucleus of radius ry, region 2 will be absent, 
and the system will go direetly from region 1 type 
to that characteristic of 


homogeneous nucleation 
region (. 

Several important points concerning the nature of 
homogeneous nucleation in bulk polymers may now 
be emphasized. The first is that two types of tem- 
perature dependence are to be expected for the rate 


of nucleation. Sufficiently near the melting point, 


he. in region of, 
# AIT? (x 
In a ——s IS 
/, 7 e {ar} 
where the constant @ i 2C%e2¢,7T) Ahchk. This. is 


the same general form as is exhibited by nonpolv- 
Mere At moderate hioh ot 
supercooling, region /B. the temperature dependence 


svstems., to degrees 
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where the constant 8 is C0277 44h jh. Equation 
(19) isa Spr celal result in that it refleets the seginental 
nature of the polymer chain, having been derived as- 
suming /, was a constant. Jn the special where 
Cg, > lio 2h. region B will he abse ne. and the Syste Mt 
will erhibit ate m perature de pe ndence of the form of 
a (18) down to the AC transition. However, in 
SOME it be anticipated that o, will be 
sufficiently less than o, to cause region B to make tts 
Region A will lye laree if o 
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appearance. 


Both eqs (18) and (19) lead to a maximum in J/J, 
when plotted as a function of temperature. The 
terms exp[—a@ 7°(A7T)*] and exp[—6/7T°AT] lead to 
strongly negative temperature coefficients for the 
rate of injection of nuclei, but this effect is eventually 
overwhelmed by the term exp|—A/7F £7] that arises 
from the jump rate, and which has a positive tem- 
perature coeflicient. Hence a maximum exists in 
T, and Jp. 

The second point is that there is nothing in the 
foregoing which a tighly uniform step 
height of the general character found in crystals 
formed trom dilute solution. The only feature in 
the theory for bulk polymers that is even slightly 
suggestive of a pronounced step height, where the 
long axes of the poly mer molecules are in the correct 
configuration with respect to the crystal surfaces, is 
the behavior of /*=46,7?2/Ah;TAT in region A. 
However, an unacceptably large value of ¢, has to 
he introduced to cause /* to be anywhere near as 
large as is observed for polymer crystals obtained 
from dilute solution. Furthermore, such a nucleus 
will certainly grow lengthwise, and it is very difficult 
to imagine why it would grow to a practically com- 
pletely uniform length which would correspond to a 
step height. (More will be said of this later.) 

The third point is that in a bulk polymer, the 
bundlelike nucleus, made up from segments of dif- 
ferent polymer chains, is energetically the most favor- 
able that can be conceived. Unless prevented by 
some factor not vet considered, this is the type of 
nucleus that should commonly appear in a_ bulk 
homopolymer. Then if no special strain effects inter- 
fere (sav in the radial growth), such nuclet should 
erow both radially and lengthwise. 

We turn now to some general considerations that 
have to do with the nature of the growth of the 
bundlelike primary nuclei, and the effects that cause 
such growth to cease in bulk polymers, or at least 
slow down to a marked extent. Once certain general 
features of the growth process in’ bulk polymers 
have been brought out, the discussion of primary 
nucleation and growth in dilute solution with chain 
folding can be given. 


suggests 


. 
« 


. 
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2.2. Crystal Growth, Bulk Rate Constants, and 
Impingements in Bulk Polymers 


Two features of the growth process in bulk poly- 
mers are of interest here. The first is that the primary 
bundlelike nucleus without chain folding can, at least 
initially, grow radially and lengthwise. Each of these 
growth mechanisms nucleation controlled suf- 
ficiently near the melting point. The second point 
is that the growing crystals will impinge on one an- 
other in such a manner as to essentially stop or 
markedly retard lengthwise and radial growth in 
a manner that can hardly lead to a highly uniform 
step height of the type found in dilute solution. In 
the special case where strain limits radial growth (see 
below), only the distribution of lengths will be im- 
pingement controlled, but this will still not cor- 
respond to an essentially fixed step height. 


is 


Consider first the types of growth that may occur, 


at least initially, for a bundlelike nucleus. Denote 
radial growth as G,=dr/dt (where in general 
Gxd|va|2/dt) and lengthwise growth as @,—dl/dt. 
Further, define the free bulk growth rate as 

5 i (20) 


where x’ is the mass fraction crystallized, ¢ the time, 
and m an exponent that depends on type of nucle- 
ation and the mode of growth. The free bulk growth 
rate is the rate at which the polymer would crystal- 
lize if the growing crystals were independent of one 
another. Values of n for various modes of growth 
with homogeneous initiation (i.e., primary nuclei 
born sporadically in time) are shown in table 1. 
The relationship between Z,, J, @;,, and G, are also 
shown. 


TABLE 1. Values of n and Z, fer various modes of growth of 


hundilelike nuclei (homogeneous nucleation) 


Mode of growth n Form of bulk rate 
constant ® 
One-dimensional P Z2 xT) 
Two-dimensional 3 Z xIG,2 
Three-dimensional ! 4) Zx<IGiG? 


In these expressions I mav refer to either J4 or Jp. 
If branehes develop, and Zi<JG%spn., where Gspn. is the mean growth rate in 


the radial dimension. 


The growth mechanism denoted by G, is to be de- 
scribed by an expression of the general form 


Gy —Gye~ ABET eH V/TAAT (20) 
so that 
G I1* 
Ere ith = (21) 
Go kT T?AT 


. 
< 


Here y is a constant similar in character to 6, and 
AH* is the enthalpy of activation at the super- 
cooled-liquid—-growth-nucleus interface. The form 
of eq (20) arises from the fact that in the experi- 
mentally accessible region the growth nucleus is 
characterized by one fixed and temperature mde- 
pendent dimension of molecular size, usually a 
thickness of one molecule or segment length (cirea 
2.5 to 20A). However, the temperature dependence 
of the growth mechanism denoted by G, may differ 
from that of G), since the secondary nucleus may be 
of a different nature. In general, both G,; and G, will 


| go through a maximum below the melting point, and 


will possess a strongly negative temperature depend- 
ence near the melting point. In the event that 
o,> > o,, the radial growth nucleus in the experi- 
mentally accessible region may have two fixed and 
temperature independent dimensions of molecular 
size. The radial growth nucleus will generally be 
easier to form than the lengthwise growth nucleus, 


| so the condition G.>G, is commonly to be antici- 
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pated. (See, however, remarks below concerning 
possible retardation of radial growth by strain.) 








We must now ask what processes retard the free 
growth rate of the erystals in a bulk phase. — Im- 
pingements and entanglements are certainly im- 
portant factors [6]. The growing crystallites will 
run into each other, entanglements will occur in the 
vicinity of such ‘collisions’, and this will tend to 
stop growth. The retardations due to impmgements 
are relatively weak early in the crystallization, but 
gradually get stronger. The isotherms in this range, 
which is called “stage 1,” will commonly be super- 
posable simply by shifting the time scale [6]. Esti- 
mates of the free bulk growth rate constant, 7, 
may be obtamed by analysis of stage 1 data. How- 
ever, the svstem will approach a degree of crystal- 
linitv, well short of complete crystallization, where 


o 4 


there is a massive degree of impingement (fig. 3). 
We refer to this as the pseudoequilibrium degree of 
crystallinity, X,.. Detailed theoretical calculations 
due to Lauritzen [11], and certain experimental 
studies [6], fully justify the view that impingements 
will lead to the effect indicated. Near and above 
X,, the ervstallization process is exceedingly slow. 
Other workers have called this ‘secondary crystalli- 
zation” but for convenience we have termed it 
“stage 2.°° Relaxation of impingements and = en- 
tanglements to form crystallites with greater length 
and radi is one of the principal crystallization 
processes in stage 2. The equilibrium degree of 
crystallinity is thus approached very slowly due to 
the intercession of a massive degree of impingement 
Ri Xen. 























1.0 
' 
' 
‘ STAGE 2 
STAGE | 
16) 
log t 
PigtreE 3. Schematic diagram showing course of crystallization 
in @ bulk polymer. 
x is the mass fraction crystallized and ¢ the time. Stage 1 strongly reflects 


Che pseudoequilibrium degree of crystallinity 


Stage 


Zt". 
result of impingements and entanglements 
bevond X » 


the free growth rate x’ 
denoted Xm, and is the 
slowly carries the crystallization 


After the stage 2 mechanism has pursued its 
course for a sufficient time, the length and radius of 
a few of the crystallites will be large enough to melt 
quite close to the equilibrium melting temperature, 
T,,. In the vicinity of x,,, the crystallites will often 
be rather small, and impingements will have set up 
a distribution of crystallite sizes. These effeets will 
cause rather broad and low melting. The particular 
distribution that prevails at x,, changes only very 


slowly toward the equilibrium one. Neither the 
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distribution of radit and lengths resulting from im- 
pingements, nor even the true equilibrium one, is 
consistent with a uniform step height. 

Another effect that may subdue growth of bundle- 
like nuelet is strain. Thus, while bundlelike nvelei 
may form easily, radial growth to large size may be 
hindered by the strain that results from the mis- 
match of the segments in the crystal with those in 
the “liquid” just outside the ends. Such a situation 
could be treated theoretically in terms of a o, value 
that increased with v. The effect mentioned could 
conceivably severely restrict radial growth of bundle- 
like nuclei in some cases, causing a nearly constant 
crystallite radius to be observed. However, the 
stoppage of lengthwise growth will in such a case 
still be controlled by impingements, and not cor- 
respond to a step height of the type found in folded 
crystals. 

Much of what has been said concerning the nature 
of impingements may be found in more detail ina 
previous article [6]. 


3. Homogeneously Induced Crystallization 
of Polymer From Dilute Solution 


3.1. Preliminary Analysis of Homogeneous 
Nucleation From Dilute Solution 


In order to set the stage for the detailed analysis 
to follow in subsequent sections, an elementary 
analysis of the problem of nuclei with chain folding 
is given first. This has the advantage of permitting 
an early emphasis on the simple physical picture 
involved, and has the virtue of clearly indicating just 
What points must be subjected to more searching 
analysis. 

When a polymer is dissolved at high dilution ina 
relatively good solvent, the polymer molecules tend 
to be essentially isolated from each other. If the 
solution is) supercooled, the polymer will tend to 
crystallize from the solution. The kineties of this 
crystallization will be governed by the nucleation 
and growth process. Since the polymer molecules 
are essentially isolated from one another, the primary 
nucleus will tend to be formed, if at all possible, 
from a single polymer molecule. The formation of 
these nuclei is treated below and it will be shown 
that in sufficiently dilute solution these nuclei, char- 
acterized by chain folding, are kinetically favored 
over bundletike nueclet containing segments from 
many molecules of the type discussed in the previous 
section for bulk phases. This treatment explains 
the main features of the single crystals obtained by 
Keller and others, and predicts) other properties 
which should be capable of verification. 

We shall outline in some detail the characteristics 
of the single crystals of polvethyvlene prepared from 
a dilute solution of xvlene [1, 2]. These crystals, as 
revealed by electron micrographs, are flat’ parallele- 
pipeds which are shown schematically in figure 4a. 
The step height, I*, was measured by low angle 
X-ray seattering, and reflections up to the fourth 
order were observed. The step height increased 
from 90 to 140 A with increasing crystallization tem- 


perature. The polymer chains lie approximately 
perpendicular to the two large flat faces of the 
crystal, ie., parallel to the c-axis in figure 4a. The 
loops formed by the folding of the polymer molecules 
form the two flat surfaces of the crystal. In figure 
4h the crystal is shown as viewed along the c-axis. 
The polymer chains intersect the plane normal to 
the c-axis at the corners and at the center of the 
rectangle. The planes determined by the two rows 
of carbon atoms in the zig-zag polymer chain back- 
hone are shown as triple dashed lines. It has not 
been definitely determined which chains in figure 4b 
are connected by the loops, but Keller has indicated 
that it is sterically possible for the chains at P and 
() in the figure to be connected by a loop containing 
three to five carbon atoms. The arrangement of the 
chains shown in figure 4b is essentially that given 
by Bunn [12]. 
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Fiaure 4. Details of loop-type polyethylene crystals formed 
from dilute solution. 
Polyethylene crystal with step height If showing orientation of chains 


View of unit cell along c-axis showing orientation of ribbonlike hydro- 


carbon chain + - 


In the discussion of the nucleus with folds the 
following definitions are emploved. — First, v is taken 
to be the number of segments m the cross-sectional 
area of the nucleus or embryo, and a is the cross- 
sectional area of each segment. The area of the 
end of the nucleus is va. The length of the nucleus or 
embrvo is designated I. All of these definitions are 
analogous to those used earlier for the bundlelike 
nucleus. Refer to the set of segments comprising 
the length of a nucleus or embrvo, I,, as a step element; 
the step element length includes the (small) length 
involved in the folds at either end. The number of 
step elements ina nucleus is equal tov, and the total 
number of folds is equal to »—1. 

We now introduce a particular model of the 
polvethvlene crystal in order that we may have a 
specific picture in mind while calculating the prop- 
erties of crystals formed by the folding of polymer 
chains. This model, which is essentially that sug- 
gested by Keller and O'Connor, is shown in figure 5. 
A single molecule forms the erystal through folding 
of its backbone as it progresses outward in a double 
spiral from a central position 0. (At a later stage 
in the development of the ervstal, other molecules 
may, of course, participate.) 

The above model of the nucleus with a double 
spiral is only one of several possibilities, but it still 
embodies the important general characteristics of 


nucle: with chain folding. These characteristics 
apply not only to polvethylene but also to any 
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Loops in homogeneous nucleus formed from dilute 
solution. 


FIGURE 5. 


(a) View of proposed loop nucleus along c-axis. Loop facing reader —, loop 
away from reader. ‘The cross marks near 0 show one unit cell (Cf fig. 4b). 

(b) Cut through plane RS showing odd-numbered loops (down) and even- 
numbered loops (up). 


polymer that can form such nuclei. First, it is 
possible to form nuclei from a single polymer mole- 
cule. Second, the erystals formed through chain 
foldmg possess sharp and definite boundaries be- 
tween crystalline and nonerystalline regions. This 
is in contrast with the end surface of crystallites dis- 
cussed in the section on bulk polymers. Third, a 
change in any reasonably short period of time * of 
the step height requires the melting (or dissolving) 
of the crystal and recrystallization with a new “step 
height’. Fourth, if a molecule has formed an array 
of v step elements, the v+ 1st step element may be 
added simply by the folding of a free end (or ends) 
of the polymer molecule. Fifth, when a polymer 
molecule forms an array of » parallel step elements 
there will be »—1 folds in the nucleus. It is em- 
phasized that all five of these items hold for either 
a double spiral model, a single spiral model (not 
shown), or any of a number of other configurations. 
The rate of formation of nuclei constructed from 
a single polymer molecule through chain folding will 
be calculated by a procedure very similar to that 
used in section 2. Bold faced symbols are used for 
many of the quantities involved in order to clearly 
differentiate them from those pertaining to the con- 
ventional bundlelike nucleus described earlier. The 
free energy relative to the solution state of a primary 
nucleus composed of vy step elements of length I may 
be written as 
Ao, =—2vao,+ Cy valo,+2Cy,vae,—valAf, (22) 
where a is the cross-sectional area of a segment in 
the crystal, Cis a numerical factor depending upon 
the shape of the nucleus, and Af is the free energy 
difference per unit volume of crystal between the 
polymer in the supercooled solution and the erystal. 
The quantity o, is the work required to form a unit 
area of the lateral surface from the erystal and o, the 
corresponding work for the end of the crystal. The 
quantity e, is the work required to form a unit length 
of “edge” from the crystalline phase. 
The relative size of o, and o, may be estimated 
from the following considerations. Both the lateral 


the step height will probably gradually increase 


4 Over long periods of time, 
This point is 


in an isothermal process by lengthwise diffusion of segments. 


treated more fully later. 
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and end surfaces of the nucleus with folds present an 
abrupt change from crystalline order with respect to 
the solution. In addition, on the end surface, an 
amount of work q keal/mole of loops will be required 
io form a fold. When there are vy segments in the 
eross section of the nucleus, there will be v—1 folds, 
and area of the two ends is 2 va. Then we have 
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where o,) represents the (probably small) contribu- 
tion to 6, above that of fold formation. We should 
expect to find q with a value on the order of magni- 
tude of 1 keal/mole of loops... In making this rough 
estimate, it was assumed that the principal contribu- 
tion to q Was the energy required to bring the part of 
the polymer chain in the folds (ea. five carbon atoms 


in the case of polvethyvlene) into the appropriate 
higher internal rotational states. If a=1S*10°'" 
em’, and q=1 keal/mole, q/2a=20 erg-em*. We | 


expect no really large difference between o, and o,, 
the lateral surface free energies of the nuclei with 
loops, and the bundlelike nuclei, respectively. The 
important differences in surface free energy between 
bundlelike nuclei, and nuclei with loops, can be 
summarized in the following way. For the bundle- 


like nucleus we have 


’ {9 
Ge=— Ge, 24) 
where o, is a “normal” value, usually in the range 5 
to 25 erg-em*. For nuclei with loops, we have 
instead 
Oo, -o,, (25) 


which is in sharp contrast to (24). Noting that o 
will ordinarily have a “normal” value, we may effect 
the comparison between the loop and bundlelike 
tvpes of primary nuclei by writing 


“o>, (26) 


GO. 


and 
Co, "Oc. 
The quantity Af in eq (22) may be approximated 


by [13] 
(T..- 
a. A 


Af—ah, ee (28) 
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where Ah, is the heat of fusion per unit volume of 


eryvstal, and T,, is the equilibrium melting tempera- 
ture of the crystal, both in the presence of large 
amounts of the solvent. 

The presence of the edge energy term in eq (22) 
is not essential for the theory developed in_ this 
paper, and the general conclusions drawn about 
crystals with folds are independent of €,. Since the 
value of e, will depend on the detailed morphology 


of the ervstals with folds, which is not treated in 
Phe authors are indebted to Dr. C. W. Beckett for a helpful discussion con 
rning the probable ilue of q 
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this paper, and for the reason that its inclusion at 
this juncture would not elucidate any essential 
points, it is set equal to zero in the remainder of this 
section. Nevertheless this term is included in’ eq 
(22) for completeness, and the consequences of 


oz » 
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The energy surface described by eq (22) is shown 
in figure 6. It is formally similar to the energy 
surface for bundlelike nuclei. In both cases the 


most probable nucleation path passes through the 
saddle point. The difference between the two 
tvpes of nuclei is that certain restrictions apply to 
the paths of nucleation on the surface for nuclei 
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formation of critical-sized 
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energy su face 


6. Free 
homogeneous nuclei with loops (dilute solution). 


FIGURE 


The heavy line 0-+-B shows most probab ile reaction path; * is the saddle point 
icross ridge D The dotted line 0 - + + f C’ shows an other possible reac- 
tion path across ridge D—E, where Ag? AM*. 


with loops that do not apply to bundlelike nuclei. 
For nuclei or embryos with folds, the elementary 
process is the addition or subtraction of a step ele- 
Then the paths by which nuclei with folds 


ment. 

are formed are characterized by a length that is 
invariant as the embryo or nucleus grows. Two 
paths of nucleation are shown in figure 6. One 


path passes through the saddle point, while the other 
path passes over a higher energy barrier. It) will 
be shown subsequently that most of the nuclei 
formed will pass through or near the saddle point, 
and will therefore possess a length close to the value 
at the saddle point, FE. The coordinates of the 
saddle point may be found by calculating (O0A@,/ob, 








and (OAg@, Ova); from eq (22), and equating them to 
It is found that 


ZeTO. 
. to 
: Af’ (29) 
and 
. ae 2() 
y~ ——9 (30) 
a( Af )* 


which lead ina straightforward manner to the result 


oC aia: 


(Af)? (31) 


AQ; 

Already from eq (29) we can preceive the origin 
of a Jarge nucleus length for nuclei with folds as 
compared with that) for bundlelike nuclei. From 


this expression and Af—=Ah,AT/T,,, it is found for 

nuclei with folds that 
|* to, - ( 12) ) 
) , oD as 
"Ah, AT 

whereas from eq (4) and (10) we find, omitting 


the relatively unimportant factor 7),/7, that for 
hundlehike nuclet 
* do, Pn (22) 
= ae on 
Ah, AT 


>o,, It is seen that LT¥ should 
/* under 


Since from eq (27), o, 
venerally be considerably larger than 
corresponding conditions of supercooling. As will 
be seen later, our estimate that o,~20 erg-em~* 
leads to values of I* in the vicinity of 100A at : 
moderate degree of supercooling. The fundamental 
reason for the large value of I* as compared to /* is, 
of course, the work q required to form the fold. 

On account of the relatively large value of o,com- 
pared to o,, it is to be anticipated that the nuclei 
formed in the experimentally accessible temperature 
range for dilute solutions will not ordinarily be sub- 
ject toa minimal restriction of the type that causes 
the appearance of region B or C type nucleation in 
bulk polymers. Thus, our treatment of nuclei with 
chain folds is in some respects analogous to region 
A type nucleation in bulk polymers. 

Equation (32) shows that I* should increase as 
the erystallization temperature increases. Nuclei 
with lengths greater or less than I* are improbable 
for kinetic reasons, as will be brought out subse- 
quently, 

It isseen that there is little difficulty in explaining 
why a nucleus with folds should have fairly large 
dimensions, corresponding in magnitude to the step 
height determined by Keller. The really critical 
Issue is Why this nucleus of length I*¥ does not con- 
tinue to grow in the I dimension, but chooses instead 
to grow in the x and y dimensions. This question 
will be pursued in considerable detail later, but it is 
considered fitting at this juncture to mention the 
general nature of the arguments showing that the 
erystal will maintain a length I* that is close to 1% 
as it grows. The presence of the folds on the end 
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surfaces prevents rapid growth of the nucleus or 
embryo in the | direction of the simple type that 
can readily occur for a bundlelike nucleus in its / 
direction. The problem then becomes that of 
assessing the relative growth rates in the | direction, 
and on the lateral surfaces, for the loop type nucleus. 
Consider first what happens after a critical-sized 
nucleus with folds is formed. Since there will likely 
be very few other polymer molecules close by, the 
molecule already involved in the nucleus will con- 
tinue to “crystallize,” forming a primary crystallite 
containing one molecule. It can be demonstrated 
that the primary crystallite which on a_ kinetic 
basis has the highest probability of formation will 
in fact possess a length that is close to 1%. It is, for 
example, highly improbable on energetic grounds 
that a new loop will protrude far above the plane of 
loops already established. The same is true of the 
set of new loops in a larger body. A quite similar 
argument applies to the growth of the crystallite 
when another polymer molecule enters the picture. 
Again the energetically least expensive growth nu- 
cleus contains a loop, and has a length I* that is 
close to 1%. Growth on the two primary crystallite 
faces containing the loops is not impossible, but 
will be subdued by the circumstance that a sec- 
ondary or growth nucleus on this surface is nearly 
as difficult to form as the original primary nucleus. 
Considerable attention will be paid to the possible 
variation of the step height as the crystal grows, 
and this will be shown to be small. The relatively 
narrow distribution of step heights around the 
mean value of the step height is related to the nature 
of the saddle point in the free energy surface describ- 
ing the rate of nucleation and growth. 

In appendix 5.1 it is shown that to good approxi- 
mation the number of stable nuclei formed isother- 
mally per unit volume of solution per unit time is 


kT i — 
T= mye AGI gaint (34) 
t 
where Mo is the number of polymer molecules 


per unit volume of solution and AF*% is the free 
energy of activation for a polymer molecule forming 
an additional step element. The approximate tem- 
perature dependence of A@} can be obtained from 
eqs (28) and (31): 


‘ 9) 9 9 
20° a20,T?, 


Ag? be (35 
%>~ (Ah,)2(AT)? » 
Henee, 

I AH* a ai 
In -=——; a = (36) 

I, kT T(A&T)’ 
where Kh=(kT7/h)m exp (AS%/k), and a=2C*e? 
o,T,2/(4h,)*k. (Here we have set AF*=AH*— 


TAS*.) Equation (36) is seen to be of the same 
form as eq (18) except for the relatively unimportant 
factor 77/7°. Thus the temperature dependence 
of the nucleation rate at moderate supercooling is 
predicted to be similar to that of bundlelike nuclei in 
a bulk polymer in region A. 








At this point it is convenient to indicate qualita- 
tively why the nucleus with chain folds described 
by eq (29-31) and eq (34-36) is the most probable 
in dilute solution. The basic reason for this be- 
havior is as follows: The free energy required to form 
a critical bundlelike nucleus in a very dilute solution 
than the free energy required to form a 


is greater 
ry. 4 
This happens because 


critical nucleus with loops. 


the selection of segments to form the bundlelike 
crystals requires many polymer molecules to be 
together. This leads to an important 


gathered 
change in the difference between the configurational 
entropy of the crystalline state and the solution state, 
The change in entropy increases the free energy re- 
quired to form a critical bundlelike nucleus. This 
effect is absent or greatly reduced for nuclei with 
loops, since such nuclei can be formed with a single 
polymer molecule, or a very few polymer molecules. 
Then stable nuclei with loops are formed much more 
rapidly than stable bundlelike nuclei from a suffi- 
ciently dilute solution. To be more quantitative, 
it will be shown in section 3.2 that when polyethylene 
is dissolved in xylene, crystallization will proceed 
primarily by formation of stable nuclei with loops 
when 7< 0.001, where v is the volume fraction of 
Sealianber. It should be pointed out that while diffu- 
sional effects in dilute solutions will tend to reduce 
the rate of formation of bundlelike nuclei even 
further, these effects are important only at very low 
concentrations, where the reduction in’ configura- 
tional entropy has already effectively eliminated the 
formation of bundlelike nuclei. 

The above arguments, concerning the entropy 
contribution to the free energy required to form a 
eritical nucleus from a dilute solution, also apply to 
the entropy contribution to the free energy of a 
grown crystal. It will be shown that a loop-type 
crystal is more stable than a bundlelike crystal of 
the same shape and volume in a sufficiently dilute 
solution. 

Brief consideration will now 
aspects of the overall kinetics of crystallization. 
When a stable nucleus is formed, the nucleus will 
continue to grow until the molecule is consumed, 
forming a primary crystallite. At exceedingly low 
concentrations, where the polymer molecules are 
very widely separated, and long-range diffusion im- 
portant, it is possible that the ervstallization might 
proceed mainly through formation of such primary 


he viven to certain 


crystallites. 

Since the birth time = such a crystallite is essenti- 
ally the time required to form the critical nucleus, 
the time required for ete te growth being negligi- 
ble in comparison, the process will in effect be 
equivalent to sporadic formation of objects (primary 
crystallites) that do not grow. In_ this nN 
would be unity in the free growth rate expression 
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Case, 
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(37) 


(Note that 7—1 in this case is not to be interpreted 
in the customary manner as one-dimensional growth 
objects born at 4—0.) At more moderate con- 


of 
where the degree of crystallinity could 


centrations, 
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be more readily measured, subsequent growth. of 
each nucleus would proceed through secondary 
nucleation of other adjacent) polymer molecules. 


This nucleation will occur principally on the lateral 
surfaces of the growing crystal, leading to growth of 


the x and y dimensions, because the energy of 
formation is much smaller for nucleation on the 
lateral surfaces than on the end surfaces, which 


/ 


contain the folds. The relationship) between x’, 
and the actual mass fraction of polymer crystallized 
will be given in section 3.3. Then we expect the 
nuclei, which are born sporadically in time, to grow 
principally in a two-dimensional manner leading to 
overall crystallization isotherm described by 


an 
n=. As the crystallization proceeds, nm will drop 
in value due to diffusional effects and the consump- 


The secondary nuclea- 


tion of polymeric material. 
rin section 


tion mechanism will be discussed furthe 
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3.2. Detailed Analysis of Homogeneous Nucleation 
Rate and Constancy of Step Height in the Primary 
Crystallite 


In section 3.1. we have outlined in simplified form 
the principal features of homongeneous nucleation 
from dilute solution. In the present section we 
shall treat the nucleation process in greater detail 
with particular emphasis on the variation in step 
height of the nuclei. We shall at. first discuss an 
ensemble of nuclei, each of which is characterized by 


a fixed step height 1, where } may differ from 1*. 
The objective is to calculate: the distribution in 


step height in the stable nuclei formed in such a 
system. Later the assumption that each nucleus 
in the set has a fixed step height will be relaxed, 
and found not to alter the general findings (see also 
In this calculation the edge energy 
» Will be equated to zero. Its inclusion would not 
alter the results in an important manner, but would 
needlessly complicate the analysis at this stage. 

Consider a primary nucleus ihat is composed of 
y step clements, all of length lL The energy of such 
a nucleus was given in eq (22) and is rewritten here 
(): 


appendix 5.1.). 
Ey 


with e, 


Ao, 2vao, (ly va o,—valaf. (38) 


The energy surface represented by this equation 
is plotted in figure 6. Under the present assump- 
tion, a nueleus of v step elements of length T ean 
change by an elementary process only to nuclei of 
either y—1 or v1 step elements of length LA 
stable nucleus of length PT must be formed through 
the Progressive addition of step elements until the 
free energy, Ad, negative. Then the path of 
nucleation will be along the points 


Is 


V» Ym +1 Ymt2 (39) 
where vy, is the minimum size of a nucleus. Two 
such paths are shown in figure 6, and will dis- 


cussed in more detail shortly 
It should be noted that if an embrvo is to become 
stable, it must possess a length, I, greater than a 
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certain minimum. This can be seen clearly if eq (38) 
is differentiated with respect to v: 

OAg, Oo 0. val, 3 (26 og. Af): (40) 

Ov Qyv 

It can be seen by inspection that the right hand 
side of eq (40) decreases monotonically with increas- 
ing v for all positive v. If the length of the embryo 
is so small that 1c 2oe,/Af, then 0OA@,/dv is always 
positive. The free energy of such embryos will in- 
crease indefinitely with the addition of step elements, 


and the embryos « can never become stable. Then 
stable nuclei can be formed only when 
. 2o, ad i 
a ett (41) 
‘af 2 


When eq (41) Is satisfied, 0A@,/Ov decreases mono- 
tonically with »v from a positive value to a finite 
negative value. Under these circumstances the free 
energy of the embryos, A@,, Increases with the addi- 
tion of step elements until a maximum value, Ag}, 
is reached when there are vé step elements. The free 
energy decreases monotonically as further step ele- 
ments are added. Two such paths of nucleation are 
shown in figure 6. 

The number of step elements in the embryo at the 
energy barrier can be calculated by equating 0A@,/Ov 
to zero in eq (40): 


(Cel)? 
: J ” (42) 
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The energy barrier is 
(C'o, 1)? 
AQ’, . (43) 


» 64(1lAf—2e, 
We have already seen that this energy barrier is a 
minimum when 


a 
*Af’ (44) 


and that this minimum energy barrier is 


a ee ae, ‘ 
Ag; (Af)? : (45) 


With some algebraic manipulation of eqs (43), (44) 
and (45), we may write the energy barrier, A@), as 


m (W/R—1)? 


This expression gives the value of the barrier hinder- 


ing the formation of a stable nucleus composed of 


step elements of length I; these values of A@}, lie on 
the ridge DE on the free energy surface shown in 
figure 6. Since the energy barrier to be surmounted 
isa minimum at 1—I, where there is a saddle point 
in the ridge, it ean be seen intuitively that the rate 
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of formation of nuclei will be largest when the nuclei 
have lengths near this value. 

The effect of deviations of length from I~ on the 
rate will now be established. In appendix 5.1., the 
rate of formation of these nuclei was calculated using 
the procedure of Turnbull and Fisher [8]. It was 
determined that the number of stable nuclei with 
lengths between | and I+d1 formed per unit time per 
unit volume of solution is 


: nokT __ Agile pie ad tauae Fs 
i (1)dl—édl ; ag ge (47) 
where 
a°,2o, (lAf—2a,) 2 
] w(kT)? 
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The value of € may be considered valid at best to 
within an order of magnitude. However, it varies 
slowly with | compared to the factor exp [—Ad@}/kT]. 
Substitution of eq (46) into eq (47) leads to 


* * 

 nkT “a | a9 Ag; 
- (48 
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kT 
Sie { 7% UL 1)? 
1+2(1/—1 
This equation shows clearly that the nucleation rate 
is most rapid when II, and that the distribution 
in the lengths of the nuclei formed will become 
sharper as the height of the barrier at the saddle 
point, A@*, increases. 

The derivation given above can be generalized 
further to include various step heights ],h .. . , 
for each individual nucleus, rather than just one. 
The general conclusion is that eq (48) is a reasonable 
measure of the variation in length of the stable nuclei 
formed. The fraction of stable nuclei with lengths 
between |, and b can be calculated directly from eq 
(48): 
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The lower limit of the integral in the denominator 
represents the smallest possible size of a stable 
nucleus. This expression will prove useful in esti- 
mating the percentage variation of 1 about its 
probable value, If. 

The total nucleation rate is obtained by integration 
of eq (48). When (A@%/kT)>>1, the number of 
stable nuclei formed per unit time per unit volume of 
solution is 


1-( ima—K ™2, 
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where A= (26,)?(Af)a?/m?Co(k7T)?. For most cases 
of interest, AU is within an order of magnitude 
unity, and following Turnbull and Fisher, we shal! 


set A equal to unity. Then we have for the nuclea- 


tion rate 
nikeT 
i. 


AFS,/A 
I 
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Substitution of eqs (45) and (28) into eq 
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loop nuclei in dilute solution ) 
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At temperatures near T,,, it is clear that the last 
factor furnishes the principal temperature depend- 
ence of I. 

We turn now to some numerical values to illustrate 
the general characteristics of the nucleation of 
crystals with loops. Unfortunately, no complete set 
of experimental data is available, we must be 
satisfied with estimates. Attention will be centered 
on the case of the crystallization of polvethyvlene from 


sO 


xvlene at 90° C, for Keller and O’Connor [1] have 
measured the step height as formed under these 
conditions and found it to be about 140 A. It 
should be noted that xvlene is a reasonably good 


solvent, so that there is no separation into two liquid 
phases at low concentrations. This condition must 
be satisfied for the theory given here to be applicable. 
An estimate on o, may be obtained by combining 
eq (28) and eq (29) so that 


~ 
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where we have approximated the step height of the 
erystal by in this equation. Quinn and Mandelkern 
[14] have measured the heat of fusion of polyethylene 
and have found it to be 67 eal-g~'. From Bunn’s 
X-ray data [12] on bulk crystalline polvethylene 
at room temperature, it may be estimated that 
the cross-sectional area of the chain segment 
18-5 10°'© em?, and that the volume of each 
CH,.CH,.— unit 47 10 em’. (These values 
are adjusted to be correct at 90° CC.) It is deter- 
mined from these results that Ah,, the heat of fusion 
per unit volume of crystal, is 2.8>¢ 10° erg-em We 
will (somewhat arbitrarily) assume that this is the 
heat of fusion Ah, in the presence of large quantities 
of solvent. It is then found that 


IS 


is ae 


T,, —363 ; 
o,—980 Pit sees erg-cm~*- (54) 
T,, ' 
The melting point of polvethvlene crystals very 


dilute solutions of xvlene is difficult to estimate with 
confidence. lower limit on T,, of 95° C may be 
calculated from the theory of the depression of the 
melting point of a polymer by diluent [15] with the 
interaction parameter xy,;—0. The true value of T,, 
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is very probably somewhat higher, since almost 
certainly differs from zero. [tis considered probable 
that T, between 95° C and 120° © for this 
particular solvent. Then o, lies between 13 and 75 
ere-cm A value of o, in this range seems reason- 
able, since it corresponds to an energy of loop forma- 
tion of 0.7 to 4 keal/mole of loops. We should 
expect poly mers with stiffer chains to possess higher 
values of than polvethyvlene. In continuing the 
numerical aii o, will be set equal to 30 erg-em=?, 


lies 


In eq (54) this implies T,,—374.5° K, and therefore 
Af=1.17 10° erg-em-* at 90°C. To estimate the 
value of Ao; kT’ at this temperature, the shape 
constant ( must be known. If it is assumed that 


of the cross section of the nucleus is a 


the shape 
e270", between 


parallelogram with an acute angl 


the sides, (=—4.13. Then from eq (45) or (31 
Ag; a ” 
7) NO. ) 
ae | 
at T=—90° CC. A reasonable value of o might le 
between 5 and 20 erg-em-? (Thomas and Stavely 


[16] have found ¢ = 20.4 erg-em~? for benzene). Then 
Age kT must lie between 38 and 600. 
Crystallization could not be observed if Age kT 
possessed a value of 600. For the particular case of 
crystallization from a 0.01 percent solution of poly- 
ethylene in xylene, Agy/kT must be well below 100. 
If o, lies between 5 and 6 erg-em~* . Ae; kT lies be- 
tween about 40 and 50. In any case it is clear that 
the value of Ag*/kT for slow but measurable ¢ ‘rystal- 
This is because 
values for nuclei with folded 
chains. One might expect that o2¢, lies between 
500 and 10,000 erg’-em~* for most: polymers where 
the nuclei involve chain folding. The quantity oe, 


lization processes is a large number. 


oo, possesses large 


relevant to the case of bundlelike nuclei in bulk is 
much smaller, values of 25 to 250 erg®-em~" being 


reasonable. 

The distribution in step heights of critical nuclei 
about TF can be estimated from eq (49). Tf when 
polvethyvlene is crystallized from a 0.01 percent solu- 
tion of xvlene, >= 140 A and Ag; h T= 50, the evalu- 
ation of eq (49) shows that 73 percent of the critical 
sized nuclei have step halite between 126 and 
157 A. This distribution is sufficiently narrow 
that several orders of low angle X-ray scattering 
might be expected,’ if the grown crystals possess 
this distribution. This is in satisfactory agreement 
with experiment. 

These numerical values will be discussed further 
after the growth of the ervstals through secondary 
nucleation of other polymer molecules has been in- 
vestigated in the next section, 

We now wish to show in some detail that the 
formation of bundlelike nuclei in sufficiently dilute 
solution is negligible compared to nucleation through 


sO 


chain folding. The nucleation rate of bundlelike 
It is quite possible that local re ingements of the segments would cause tl 
step element ! cleus to become even more uniform in a relatively st 
md of time 


QO 


nuclei of circular cross section in the presence of 


diluent, J,, has been calculated by Mandelkern [13]. 
With appropriate changes in notation his result is 


‘ET Sira?2, C oy Aro”, 
i Pat ar elre Cx) = a is 3 eCXp ‘4? log, Vs 
! kT(Af,)? a(Af,)? 


(56) 


bundlelike nueler in dilute solution ) 


where AFG is the activation energy required for 
transport across t he nucleus-liquid interface, Af, is the 
bulk free energy difference per unit volume of crystal 
between the ervstalline and solution states, o,, is the 
free energy required to build a unit area of the lateral 
surface from the bundlelike ervstal in solution, and 
y, is the volume fraction of the polymer in the solu- 
tion. o,, Is a surface free energy corresponding to 
g,, the free energy required to build a unit area of 
end surface in the bulk polymer. o,, must be less 
than o,, the energy required to form a unit area of a 
surface containing loops. The pre-exponential factor, 
[,,, is not particularly sensitive to 72, varving approxi- 
mately as the first power of my. It is to be expected 
that o.,, Afy, and a should have values very nearly 
equal to o,, Af, and a, the corresponding terms for 
nuclei with folds. Then the important dependence 
of 7, upon 7; eccurs in the last factor in eq (56). The 
last factor decreases very rapidly with decreasing /2, 
and the nucleation rate for bundlelike nuclei is re- 
duced correspondingly. Thus at. sufficient dilution 
the nucle: with folds are the preferred type, as may 
be seen by comparing eq (52) with eq (56). 

A more quantitative comparison can be made if 
eq (52) is divided by eq (56): 


I Ao* Aro,, , 2akT 
(yp EXD p “- “+t OL, Vs 
So { ET 1 Ow, Cue, |} 
(57) 
where Co= (mokT/hlog) exp [—(AFF—AFD/kT |. In eq 


57) it has been assumed that Af=A/,, @,—o,,, and 
aa. Here A@} is the energy required to form a 
critical nucleus with loops. When I//,>>1, the stable 
nucle: formed are primarily those with loops. It is 
instructive to evaluate eq (57) for polyethylene 
crystallized from xvlene. (ois not very sensitive to 
either concentration or temperature and probably 
has a value between 107' and 1. We find 
2rhT (ac, ~ 1/3, if o, is assigned the value of 30 
ere-em Then eq (57) becomes 


E1,)=Cyexp (Agi/k7)| 1+ 3 log, r.— (Are,,/C?o,)] 


(QS) 


It has been shown that A@**7 is a large number. 
If, 0.001 and (= 10°", IZ, lies between 10” and 
lO as Agi kT varies between 40 and 80. Thus in 
a 0.1 percent solution of polvethyvlene in’ xvlene, 
crystallization should definitely eccur through the 
formation of nuclei with loops. At concentrations 
near 10 percent I | Fe and bundlelike nueler will 
dominate the crystallization process. The transition 
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between the two types of crystals occurs near 
m=0.01. Equations (57) and (58) must be applied 
with caution near this transition region for two 
reasons: (a) the nucleation rate for crystallites with 
loops was derived for very dilute solutions and is 
probably inaccurate at higher concentrations; (b) I 
and J, are rates for extreme types of nucleation, and 
in the transition region the stable nuclei formed are 
probably partially bundlelike and partially formed 
through chain folding. Nevertheless eq (57) indi- 
cates that there is a fairly sharp value of the volume 
fraction of polymer, 7.,,,, such that when 7 >?2,, 
bundlelike nuclei are formed, and when m< Vs. 
nuclei with loops are formed. If there is some 
restraint on the radial growth of bundlelike nuclei, 
such as the type of strain mentioned earlier, stable 
bundlelike nuclei may be even more difficult to form 
than has been indicated, and 7v.,,. would have a 
higher value than that deduced from eq (58). Even 
without this, the important point remains that loop- 
type nuclei will predominate at low concentration. 

In extremely dilute solution the preponderance of 
nuclei with loops over those that are bundlelike is 
enhanced even further by diffusional effects. Since 
at higher concentrations loop nuclei are already the 
most important in the system, we see no compelling 
need to give a detailed analysis of the effect of long 
range diffusion. 

The above comparison naturally raises the question 
of why the configurational entropy contribution to 
the free energy of formation of a bundlelike nucleus 
is so much more sensitive to the concentration of 
the solution than is the corresponding term for a 
nucleus with folds. Qualitatively this can be 
answered as follows. In forming a critical bundlelike 
nucleus the segments of many molecules must be 
brought together. The entropy reduction in bringing 
together different polymer molecules in dilute solu- 
tion is sensitively dependent upon the concentration. 
In forming a critical nucleus with folds from a single 
polymer molecule, the segments of this molecule 
must be brought together in an appropriate Manner. 
There is a corresponding entropy contribution but 
this contribution does not depend upon the concen- 
tration of the solution. This qualitative explanation 
can be placed on a quantitative basis if a lattice 
model is used. The lattice model is not accurate for 
dilute solutions, but caleulations based upon it should 
be roughly correct. It is found that the reduction 
in entropy due to the gathering of molecules in a 
bundlelike crystal is —k In rv, per segment in the cross 
section of the erystal. This result vields an end 
surface energy of the form o¢,¢—(k7/2a) log, 7 and 
leads to eq (56). By analogy, for a erystal with 
folds, the reduction in entropy is —k In vy per polymer 
molecule contained in the nucleus. If a single poly- 
mer molecule is involved in the formation of a critical 
nucleus with folds this contribution need not be 
considered and eq (52) results. If many molecules 
are involved in the erystal the free energy contribu- 
tion per unit area of surface of the crystal is 

UL)(kT 2a)log.7., where Lis the step height of the 
crystal, and “ is the mean length of the polymer 
molecules. This term is unimportant for high molec- 
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ular weight polymers. In any case since this ‘surface 
energy”’ term is proportional to the step height of the 
crystal, it will be included in the bulk free energy 
difference per unit volume of crystal, Af. 

It has already been shown that for kinetic reasons 
almost all of the critical nuclei possess lengths very 
close to K=4e,/Af. The critical nucleus can often 
be formed from a single polymer molecule. After 
these nuclei are formed, the remainder of the polymer 
molecule forming the nucleus will “crystallize” onto 
the nucleus until a primary crystallite is formed by 
a single molecule, which has a crystalline volume al 
where L is the length of the molecule. The distri- 
bution in step heights of this primary crystallite will 
now be briefly considered. 

It will be assumed that the primary crystallite will 
be formed from the critical nucleus by the addition 
of step elements in the manner shown by figure 5a, 
so that the step elements are added in a mono- 
molecular layer to the existing already “crystallized” 
nucleus. This monomolecular layer will be added 
to one side of the nucleus until a “corner” of the 
nucleus is reached. At this stage the step height 
may be maintained near 4o,/Af although lower values 
may be attained. When the monomolecular layer 
of step elements reaches the “corner” of the nucleus, 
the next step element must be added so that it 
extends beyond the corner of the nucleus. This 
situation is shown schematically in figure and 
7b, where the additional step element is designated 
by uA. 
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Figure 7. The addition of step elements 


of a nucleus. 
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A monomolecular laver may then be added along 
the surface of the nucleus by the addition of step 
elements B,C, D)), ete., as is shown in figure 7c. The 
calculation of the rate at which this monomolecular 
laver is deposited on the surface of the nucleus is 
complicated by two factors: (a) an accurate expres- 
sion for the free energy of such a monomolecular laver 
is lacking, and; (b) the fundamental expression for 
the rate of crystallization of a monomolecular laver 
is somewhat different from the expression used for 
the primary crystallization.’ The first complication 
will be avoided by using a purely geometric model for 
the free energy of the monomolecular laver. Thus 
each step element will be assumed to be a parallele- 
piped which has the surface energies appropriate to 
activated state 


he treat 
where the 


Turnbull-Fisher theory is not applicable when the 
reached in one step, as in the present case of a monomolecular laver 
ment of the nucleation rate in appendix 5.2 deals with the situation 
rowth nucleus is formed in one step 


’ The 
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This model should vield answers 
that are qualitatively correct. Then a the step 
height of the added step elements A, B, C, D, 

is less than the step height of the nucleus, the free 
energy required to add v step elements around the 
corner of the nucleus is 


ho. 


the bulk erystal. 


Ad’ ?vao,—valaf (59) 


where h 
surface of the step element. 
finding the activation energy by setting 0A@/dl 


° a . . . 
(a/siny)? is the length of the side of the end 
The usual method of 
0, 


OAdg/Ova = 0, and substituting into A@, is inapplicable 
in the case of monomolecular growth with v=1, 


since the free energy surface does not have a saddle 
point that corresponds to a minimum activation 
energy. Hence we must examine the free energy 
ridge for v=1 over which the svstem must pass in 
more detail. 

The increment of energy required to add the step 
element at the corner of the nucleus is obtained by 
setting v=1 in eq (59): 


Ad’ 2ho,.|l—a(laAf—2z,). (60) 


At the degree of supercooling in the range of experi- 
mental interest, 2ho, >aAf, and therefore A@g™ in- 
creases with increasing lL Of course, if the length of 
the step element becomes larger than the nucleus, 
additional terms increase A@™* even more rapidly 


with I. The addition of further step elements B, 

Dd, change the free energy by a constant 
amount 

Ad,.,—A¢@. ID a(lAf—2o,). (61) 


It is clear that the step element must have a length 
greater than 2o, Af or the resulting crystal is un- 
stable. 

The addition of the corner step element 1 requires 
an activation barrier Ag’. Addition of further step 
elements of this le ngth reduces the free ene rey by an 
amount /? per step element. In appendix 5.2 it 
shown that the equilibrium rate of deposition of 
monomolecular lavers of step heights between T and 
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is the activation energy of the clemen- 
tary process adding the step element, N is the 
number primary nuclei which are growing, and 
(is a normalization constant. 

The rate of deposition of the monomolecular layer 
depends upon the step height, 1, of the layer. At 
1—2o,/Af this rate is zero and as TP increases the rate 
increases until a maximum is attained and then the 
rate decreases with a further increase of L It will 
be shown that the rate is appreciable in only a narrow 
range of values of I. 
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A numerical analysis shows that for the case in 
which we are interested, the rate in eq (62) can be 
approximated by 
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The mean length of the step height of this laver can 
be taken as 
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Similarly, the mean square deviation is 
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The square root of eq (65) can be used as a measure 
of the deviation of the step heights from the mean 


value, |. 


When he -aAf, eqs (64) and (65) become 
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Now if h=4.2 A, o,=6 erg-cm~?, and 7T=363° K, 


then AT he, is about 20 A. The mean deviation 
about this average value is about 144A. Then when 
the monomolecular laver passes around the “corner” 
the length of the step height falls from 40,/Af to a 
Value slightly greater than 2o,/Af. The distribution 
of step heights about this mean value is quite sharp. 
Every time the monomolecular laver reaches a 
“corner” this identical situation will be repeated. 
It might be expected that there is a tendency for 
the step height to inerease, as the monomolecular 
laver is being crystallized along the side of a primary 
nucleus. An analysis of this process shows that the 
step height will remain near that given by eq (66a). 

In summary, it can be said that if the edge energy 
€, Is negligible, the primary crystallite will have an 


interior section which has a step height I=46,/Af, 


and the outer section will have a step height near 


I-26, Af-T ho,. More will be said of this process 
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in the next section. If the edge energy e, is not 
negligible it will affect the growth of the critical 
nucelus into a primary crystallite. This effect will 
also be discussed in the next section. 


| 3.3. Constancy of Step Height in Overall Growth 


Process and Volume Increase of a Folded 
Crystal Dilute Solution 


When a primary crystal has been formed, it can 
grow by the addition of other polymer molecules 
upon it, one by one. This crystallization will 
proceed by the formation of a secondary nucleus by 
a single molecule upon the lateral surface of the 
crystal. This growth of the crystals is treated in 
this section with emphasis on two points. First we 
wish to demonstrate that the step height of the 
growing crystal has a tendency to remain at a 
constant value I* for kinetic reasons. Second, it is 
desired to obtain appropriate expressions describing 
the volume rate of growth of these crystals. 

Before we discuss growth through secondary 
nucleation on the lateral surfaces, our neglect of 
nucleation of the end surfaces must be justified. 
The end surface of the primary crystal is composed 
of loops formed by the folding of polymer molecules. 
The end surface of a secondary nucleus is also com- 
posed of folds. Thus there is a distinct boundary 
between the crystal and such a secondary nucleus. 
The effect of any affinity between the loops in the 
two end surfaces upon the free energy required to 
form a secondary nucleus is probably small. Then 
the free energy required to form a secondary nucleus 
upon the end surface of the erystal is almost as 
great as that required to form a primary nucleus. 
Some growth on the end surface will, of course, 
occur. However, by the arguments given above, 
the step height will be practically identical to that 
of the primary crystallite. Secondary growth of 
this type can lead to small patches of secondary 
growth on the primary crystallite, or in other cases 
toa distinct pyramidal appearance due to successive 
lavers being formed. These effects should be sub- 
dued by forming crystals at very low concentration. 

The free energy required to form a secondary 
nucleus upon the lateral surface of the crystal is 
considerably smaller than that required to form a 
primary nucleus. The volume growth of a crystal 
proceeds through the formation of a stable secondary 
nucleus on the growing (lateral) surface of the crystal 
followed by complete “crystallization” of the entire 
new molecule. The rate of addition of molecules to 
the ervstal will be the average number of molecules 
in contact with the growing surface times the rate 
at which one of these molecules forms a_ stable 
nucleus, p,. The quantity, py can be calculated by 
the method of Turnbull and Fisher [8]. 
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where A@* is the free energy required to form a 
. ayer ° rly 
secondary or growth nucleus of critical size. The 








process of the formation of a fold by a molecule 
should be the same in’ primary and secondary 
nuclei, so that we anticipate AF*—AF*. This 


expression holds for growth where the activated 
state is reached through many successive elementary 
processes. Later, the case of growth through addi- 
tion of a monomolecular laver will be considered, 
and eq (67) will be modified accordingly. 

The free energy of secondary nuclei of critical 
size, A@?s, will be considerably smaller than the cor- 
responding energy for primary nuclei. The caleula- 
tion of A@g~ requires an accurate expression for the 
free energy of a secondary nucleus, Ag.,. We can 
obtain such an expression when the shape of the 
secondary nucleus known and the number of 
segments Ina cross-sectional area is large. It 
probable that neither condition is satisfied for the 
secondary nucleus. We will, however, consider two 
extreme cases: (1) the cross section of the secondars 
nucleus has the same shape as that of the primary 
nucleus, and, (2) the secondary nucleus consists of a 
single laver of enfolded sections of a polymer mole- 
cule upon the surface of the crystal. 

The former case where the shape of the cross sec- 
tion of the secondary and primary nuclei are the 
same is not likely to be correet, but it has the ad- 
Vantage that an accurate expression for its free 
energy may be written down explicitly. In figure 8, 
a secondary nucleus of this type is shown on the 
lateral surface of the larger primary crystal. The 
free energy required to form this nucleus is the differ- 
ence between the free energy required to form the 
total ervstalline region ?+S shown in figure 8, and 
the free energy required to form the crystal, 7?. If 
there are yv step elements in the secondary crystal, 
the free eneres required to form the secondary 
nucleus is 
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The equation above applies to the case Where both 
the crystal and the secondary nucleus possess the 
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critical length ad It should be noted that the Sece 
ondary nucleus possesses only one-half as) much 
lateral surface energy as a primary nucleus of the 


same size and shape. We easily find that 


. Ag* 
Ag: a 


4 


Then the activation barrier of a secondary nucleus 
would be only one-quarter of that required to form 
a primary nucleus. Tf the height of the step ele- 
ments in the secondary nucleus is allowed to be 
Al, the free energy required to form such a 
secondary nucleus can be calculated by the usual 
methods. It is found that the energy barrier Ae? 
which such a nucleus must surmount ts 


Ag* (Al), 
Ao , Ao’ _— I: for Al>0, 
a : 
/ , mm) 4 
Ao*+ . for AI<) 
Berg Orr 4g Re +2an 


The variation in lengths of secondary nucle: will thus 
be small, since we have seen that A@? ts large. 

If the primary nucleus has a length TP whieh is 
greater than FF, the secondary nucleus will possess a 
length very close to FE. Tt is clear that if the see- 
ondary nucleus has the same cross-sectional shape as 
the primary nucleus, the step height of the crystal 
will not increase as the latter body grows. 

The activation barrier required to form a critical 
secondary nucleus of the same shape as the primary 
nucleus is large. It is therefore probable that the 
secondary nucleus of eritical size is a monomoleculas 
laver of step clements that lie along the growing 
crystal face. An accurate expression for the free 
energy of such a nucleus is not available, but the 
same assumptions that were used in’ the previous 
section may be applied here. The free energy 
required to nucleate on the growing ervstal face 1 
the same as that required for a monomolecular laver 
to turn a corner and grow on a new crystal face. 
Thus Ag, is identical to Ag’ in eq (59 From. the 
results of the previous section concerning the forma- 
tion of a primary ervstallite it can be concluded that 
if the edge eCnerey,,. €; is negheible the crystal will 
grow with a constant step height, P*. whieh ts given 
approximately by 


s 


as MT 
Af (ho 


When the monomolecular lavers have compictely 
encircled the growing crystallite, it is) improbable 
that additional lawers will have step heights ap- 
preciably Jarger than T* since such lavers would 
extend above the growing ervstal face and therefore 
would require more free energy to construct. Thus 
the distribution will be somewhat sharper than that 
implied by eq (65), and the step height may decrease 
slightly from the value given by eq (71 In ans 
case the ervstal will grow with a very narrow distri 


ch, 
he 


le- 
he 

al 
lal 


bution of step heights about I*, and the 
of step height should be approximately 1/2'2(k7/he,). 

For this type of secondary nucleus, p, is obtained 
by the integration of (r/N)dl over all permissible 
values of l. With a suitable choice of C, in eq (63) 


we have approximately 
a aAf ) a ( _ AF; ) ba _ dSho,o, 
a. See 2 kTat 
(72) 


In this case log py varies approximately as (AT)~! 


for moderate supercooling. 

Price [19] has independently considered the growth 
of ervstals with folds through nucleation of mono- 
molecular lavers. 

At this point it is appropriate to discuss. the 
possibility of an edge free energy affecting the 
growth process apprec ‘ably. An edge free energy in 
a monomolecular secondary nucleus can be consid- 
ered to arise as follows. If the growing crystal has 
flat surfaces containing loops, the packing of the 
loops increases the stability of the crvstal. If a 
monomolecular laver is placed upon the growing 
surface of the ervstal, where the step height of the 
growing surface differs from that of the laver, the 
loops in the monomolecular laver cannot be as 
efficiently packed as if they ante ®, with the flat 
surfaces of the erystal. This will lead to an edge 
energy appearing in the expression for the free 
energy required to form this monomolecular laver 

Ad), — 2hoal- 2vac,-} vhe—valAf (73) 
where € is the free energy required to form a unit 
length of “edge” in the monomolecular laver. The 
introduction of the parameter e in eq (73) will not 
affect. the general conclusions previously obtained, 
but will affect the quantitative results. 

We are justified in considering this case since it 
will be shown in section 3.5. that it can be experi- 
mentally determined whether € is negligible or not. 
Kquation (73) applies to a laver where the step 
height of the monomolecular laver is less than that 
of the growing ervstal surface. 

The free energy required to form a monomolecu- 
lar laver with a larger step height than the growing 
ervstal surface requires the addition of a term 
2vho Al to eq (73), where Al is the difference in 
step height. The free energy required to form = a 
monomolecular laver with the same step height as 
the growing crystal surface is 


I; 
a 


Ao.’ = 2hol- 2vac,—valaf, (74) 
i.e. no term in e€ appears. 
Inspec tion of eq (73) shows that when Ik 26, Af- 


he aAf, Ag)’ increases with increasing v. This will 
hold true until the monomolecular laver extends 
around the entire crystal when a maximum. free 
nergy will be attained. Further additions of step 
Jements would then reduce the free energy. The 
activation barrier would) be very large particeu- 


variation | larly if the crystal were large. 
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The formation of a 
stable nucleus with a step height less than 2o0,/Af+ 
he/aAf would undoubtedly proceed through the for- 
mation of a differently shaped nucleus, but would in 
any case require a very large activation barrier. We 
see therefore that we need only consider the case 


2c, , he = 


I tog (75) 


-— 


Inspection of eq (73) shows that it is identical to 
eq (59) if o, in the former equation is replaced by 
(o,-+he/2a) in the latter. It is therefore unneces- 
sary to repeat the calculations, and the step height 
of the monomoleuclar layer will be 


kT 


2o 
* wf 
tantthe: on 


After the step height given by eq (76) is established, 
additional monomolecular layers of this step height 
will require the free energy given by eq (74), while 
any deviation from this value will require a free 
energy that includes the edge free energy. Then 
the distribution in step heights will be sharper than 
that calculated previously. 

We have not considered explicitly the case where 
the monomolecular layer has a step height greater 
than the growing crystal face, but it can be shown 
that the rate of deposition of such a layer is negli- 


gible, if there is an appreciable increase in_ step 
height. Thus while the step height of the primary 


critical nucleus may persist for a time, it is expected 
that as the erystal grows the step height will be 
reduced to I* as given by eq (76) and the grown 
crystal will possess the step height I*. 

The above remarks apply when the edge free 
energy, €, is not so large that the right hand side of 
eq (76) is larger than I*, the step height of the erit- 
ical nucleus. If, however, the value of I* as given 
by eq (76) is larger than I*, then the grown crystal 
will have a step height Ik, characteristic of the 
homogeneously formed critical nucleus. 

It should be mentioned that if the edge free energy 
in the primary nucleus, e,, is included in our caleu- 
lations it is found that 


2C' Ep 


“J 
“J 


It must be understood that €, and € are in general 
different end in feet it is likely that € is appreciably 
larger then e,. Similarly, the free energy required 
to form a critical nucleus is 


ys he Fe ES 
os sp (7S) 


At 2("o,*o, 
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It may be stated in summary that, independent of 
the value of e, the grown crystal will have a step 
height that is quite uniform due to kinetic factors 
that arise from the nature of the saddle point in the 








free energy surface of forming stable growth nuclei. | between two sides, ~=70°. 


However, the step height of the grown crystal will be 
numerically different for different values of €: (1) Ife 
is negligibly small the step height of the grown crystal 
is given by eq (71). (II) If € has a moderate value 
the step height of the grown erystal is given by eq 
(76). (IIL) If € is very large the step height of the 
grown crystal is equal to that of the primary nucleus, 
and is given by eq (77). Case I can be distinguished 
from I] and II] by a determination of the melting 
point of these crystals that will be deseribed in 
section 3.5. Cases II and II] may be distinguished 
by an accurate measurement of the melting point of 
the crystals combined with an accurate measurement 
of the variation of step height with the temperature 
of crystallization. 

In order that the overall kinetics of ervstallization 
can be calculated, it is necessary to calculate v,(f, 7), 
the volume at time? of acrystal that was nucleated at 
time +. The volume growth in a crystal proceeds 
through the formation of a stable secondary nucleus 
on the growing (lateral) surface followed by the 
“ervstallization” of the entire new molecule. The 
rate of addition of molecules to the crystal will equal 
the product of the average number of molecules in 
contact with the growing surface, p, and the rate at 
which one of these molecules forms a stable nucleus, 
p.. Then the rate of volume increase of the crystal 
will be. 

dv 
dt 


(79) 


“al pp, 
where aZ is the average crystalline volume of a poly 
mer molecule. In section 2, the growth rate of the 
linear dimensions of a polymer crystal in a bulk 
phase was nucleation controlled and independent of 
time, unless impingements or chain entanglements 
between different crystals occurred. Impingements 
can be neglected in the growth of crystals in dilute 
solution. However, the growth rates are determined 
by both diffusion and nucleation processes, and are 
not in general independent of time for the loop 
nucleus. The number of polymer molecules per unit 
volume of the solution at the growing surface of the 
crystal, n(f, 7), will depend upon diffusion processes 
and the consumption of polymer molecules. Never- 
theless, since only a rough estimate of the growth 
rate will be attempted, it will be assumed that 


ms 


n(f, 7) =Mp. (SO) 

We can estimate p by assuming that every polymer 
molecule that approaches the edge of the crystal by 
a distance closer than one-half its mean end-to-end 
distance in solution, A, can form a secondary nucleus. 
Then, if A>1*, 

p—P (rd) n, (S1) 
where P is the perimeter of the crystal and my is 
taken as the average number of polymer molecules 
per unit volume at the growing surface of the crystal. 

It is assumed that the shape of the cross section 
of the crystal is a parallelogram with an acute angle 
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Experimental values of 
Y—66° to 74° have been found by Tul [3] for linear 
polyethylene crystals obtained from dilute solution, 
This is approximately the shape of the single crystals 
of polvethvlene obtained by Keller [1]. 
assumed that all four sides of the parallelogram have 
the same length, X, ie., X=x=y. This assumption 
simplifies the following calculations, and is a con- 
sequence of the double spiral model used (it is clear 
for figs. 4b and 5a that x=y). Many other models 
also would lead to the same result. Then the volume 
of the growing crystal is 


| t is also 


V. |* X- sin y. (S82) 
The perimeter of the growing crystal is 
P—4X. (83) 
Combining eqs (79), (S1), and (83), 
dv, - 
4rd‘alp,Xny. (S4 
dt 
Integration of eq (84) gives immediately 
v.(t, 7) =al- trdaL pan | Xdr’. (85 
ay T 


Substitution of eq (82) into eq (84) vields after some 
manipulation 
dX 
dt 


2rrd-al 
I* sin y P 


gNo- (SO) 
Under the approximations employed above, the 
growth rate, G, of the sides of the crystal is in- 
dependent of the time. Integration of eq (85) yields 


2rrdal 
I* sin y 


X(¢,7) pn, (f—7) (87 


where X(7,7) has been equated to zero. 
Substituting eq (87) into eq (85) it is found that 


Sr*A*(al)*(p,)° , t—7) | 
v.i¢,7)=—aLlt ae Ps a 5 (88) 
I* sin y 2 
Equation (74) gives us our desired result. [t must 


be remembered that this equation is valid only in 
the early stages of the crystallization process, and 
only when diffusional effects are negligible. The term 
aL is the volume of the primary crystallite, and the 
second term represents the additional volume at 
time # due to accretion of new molecules on the 
lateral surfaces. 


3.4. Value of n for the Overall Crystallization 
Process From Dilute Solution 


In discussing crystallization from dilute solution 
we define the quantity, x, as the mass fraction ol 
the total amount of polymer in the solution that ts 
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crystalline. x will then be zero when no crystals | 
have been formed, and will attain the value of unity | 
if all the polymer present has entered the ervstalline | 
state. The crystalline mass is | 


M.=p.V. (89) | 


where p, and V. are the density and volume of the 
erystalline phase. The total number of polymer 
molecules is MoV,, where V, is the initial volume of 
the solution and Mp is the initial number density of 
polymer molecules. If all polymer molecules were 
crystallized, the crystalline volume would be ap- 
proximately npV,aZ, where L is the mean length of 
a polymer molecule. Hence the total mass of poly- 





mer Is 
M,o:—p-MoV,al, (90) 
and by definition | 
M. V. 
Mar malV, » 


Since (maLV,) is independent of time, the time 
dependence of x is determined by the time depend- 
ence of V... The crystalline volume as a function of 
time Is 


*¢ 
¥i v. | I(r) v.(t,7) dr (92) 
Jo 


where VU(7)d7 is the number of stable nuclei formed 
between 7 and 7++d7, and v,(t, 7) is the volume of a 
crystal that was nucleated at 7. From eqs (91) 
and (92), 





x 2 I(r) v.(t,7)dr (93) 


= 





Both the nucleation rate and the erystal growth rate 
will be reduced as crystallization proceeds due to 
the depletion of crystallizable material. Also v.(¢, 7) 
will be reduced in value if long range diffusion effects 
are important, and at the beginning of the erystalli- 
zation process the nucleation rate Z(7) will not have 
attained its equilibrium value. These circumstances 
introduce serious difficulties into an accurate evalua- 
tion of x from eq (93). Instead of attacking these 
problems, we shall limit ourselves to ah presenta- 
tion of an approximate expression for x in a form | 
that has been widely used in the canna ation of 
experimental data. 

In order to introduce this approximate expression, 
we define a new quantity, x’, which is the value of 

x that would result if all ervstals were growing in a 
siltation where the number density of uncrystallized 
polymer molecules remained at the constant value 
Nm). From its definition it is clear that x’ may take | 
On values from 0 to o. We shall caenke that an | 
adequate re presentation of the effect of the depletion 
of erystailizable material is given by 


dy e 
x _dx |— x |. (94) 
dt dt » 
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Here X,, is the limiting value of x. In dilute solution 
it is expected that X,, is very close to unity, and it 
will be assumed henceforth that X,—1. (In the 
corresponding expression for bulk polymers [6], X,, 
can be considerably less than unity as a result of 
impingements). Equation (94) is clearly accurate 
at small values of t, and probably reasonably ac- 
curate up to moderate values of x. From an inte- 
gration of eq (94) it is found that 


x=1l-—e™. (95) 


We have cast our expression for x into this form for 
convenience in comparing our results with experi- 
mental data. Expressions of the form of eq (95) 
with x’=Z,t” have been derived phenomenologically 
by Mandelkern, Quinn, and Flory [9] and others [6], 
and have been widely used in interpreting experi- 
mental data. These expressions are plotted for 
various integral values of n and comparison is made 
with experimental isotherms. The value of n which 
vields the best fit provides information concerning 
the geometry of the crystal growth. For example, 
if the ¢ ‘rystals are nucleated sporadically i in time and 
exhibit lineal two dimensional growth, n will be 
equal to three. It should also be noted that if 
x’=Z,t”, the isotherms defined by eq (95) obtained 
at various temperatures should be superposable 
simply with a shift in the time scale. 

The quantity x’ is defined as that value of x 
which would result if all crystals were growing in a 
solution of constant number density my of polymer 
molecules. Then the equilibrium nucleation rate is 
given by eq (51) and v,(t,7) by eq (88). Substituting 
these values in eq (93) it is found that 


x’ Z,t+ Z;t3 (96a) 
where 
SS ae 
Z=7-¢ mc ike! iat late (96b) 
t 
(2 A*Ny)- < 4 T sal ei. _. eT 
Z,= ea Ae )(p,)%e- 36% e805! 
» sin 7 


(960) 
where p, is probably of the form given by eq (72). 
It can be shown that the linear term (Z,¢) often 


lies in an experimentally inaccessible region. Then 


, (27MM)? al kT > —ARET —-AGUET 
oe (= ipa ree 


) . ; 
x 3 I* sin y 
(97) 
Substitution of eq (97) into eq (95) vields 
y=1-0™ (98) 


It is in order at this point to mention the prince ipal 
approximations made in deriving eq (98) for simple 
loop-type crystals: (a) the depletion of crystallizable 
material was approximated by eq (94); (b) the growth 
of the erystals was assumed to be nucleation con- 








trolled instead of diffusion controlled; (¢) the equilib- 
rium nucleation rate was assumed to hold at all 
times; and (d) nucleation on the end surface of the 
crystals has been neglected. 

The approximation for depletion of erystallizable 
material should be reasonably accurate for small 


and moderate values of x, although not valid for 


values of x near unity. Since at. sufficiently low 
concentrations of crystallizable material the crystal 
growth must become diffusion controlled, eq (98) 
cannot be accurate when x is near unity. The 
validity of the assumption of nucleation controlled 
growth for low and moderate values of x is more 
difficult to evaluate. It is believed reasonable by 
the authors that, except at very low concentrations 
of the crystallizable material, the effects of long 
range diffusion will not predominate. When these 
effects do predominate, the exponent of the time in 
eq (98) will be lowered somewhat. Finally, it is 
expected that the growth rate of the crystals is 
much more rapid than the primary nucleation rate. 
Under these circumstances the effects of the transient 
nucleation rate may be observed for low values of x. 
This could cause the observed exponent of the time 
in eq (98) to be quite large for small values of x, 
even exceeding n=4. (In this region, the value of 
nis fictitious in the sense it does not reflect the tvpe 
of nucleation and growth of the crystals.) If 
growth through secondary nucleation on the end 
surfaces is important the value of the exponent will 
be increased over what it would have been in the 
absence of such growth. 

Our results may be summarized as follows: If the 
phenomenological expression 


x 1 perl” QQ) 


is fitted to experimental data, we should expect that 


the best fit at moderate values of x should be 
obtained for values of nm near three. Tf long range 
diffusion limits crystal growth, somewhat lower 


values of m can be expected, whereas growth of the 
ervstals through nucleation on the end surfaces will 
raise the value of nm. At low degrees of ery stallinity, 
higher values of » might be observed due to the 
effects of a transient nucleation rate. The value 
n=3 of course, that appropriate to (lines! 
two-dimensional growth of objects born sporadically 
in time. 

These results agree reasonably well with the 
experimental isotherms obtained dilatometrically by 
Mandelkern and Quinn [17, 18] on crystallization of 
polvethvlene from a 0.25 percent solution — of 
a-chloronaphthalene. Mandelkern has not investi- 
gated the morphology of the resulting polvethyvlene 
crystals, but he states that this concentration ts 
comparable to that in which platelike crystals are 
formed. Superposable isotherms were obtained for 
ervstallization temperatures from 97° to 104°C, 
The  superposability of these isotherms iN 
marked contrast to the results he obtained with 
more concentrated solutions, but) similar that 
obtained) for bulk  ervstallization. In addition, 


is, 


Is 


to 
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Mandelkern compared curves of the form of eq (99) 
with his isotherms and concluded that if the first 5 
percent of the transformation is neglected, an almost 
exact fit is obtained for the major portion of the 
process if values of n=3 and n=4 are used. The 
first 5 percent of the crystallization process would 
require considerably higher values of n for a proper 
fit. 

The agreement between our results and the 
experimental isotherms is consistent with the assump- 
tion that these isotherms result from the formation 
of crystals with folds. We shall proceed on this 
assumption and investigate the temperature depend- 
ence of the rate of overall crystallization in section 
3.6. In order to perform this analysis we must 
estimate the equilibrium melting temperature, T,,. 
In estimating T,,, certain pitfalls can be avoided 
by elucidating some properties of crystals with folds 
that result from their metastabilitv. This is done 
in the next section. 


3.5. Metastability of Crystals Formed by Chain 
Folding 


In previous sections the nucleation and growth 
of polymer crystals with loops has been discussed. 
We shall now give a brief treatment of the metasta- 
ble character of these crystals. It will be demon- 
strated first that ervstals with loops formed isother- 
mally will have a relatively sharp melting point 
T,,, appreciably below the equilibrium melting tem- 
perature in the presence of solvent, T,,. The 
possibility. that crystals with loops may have a 
tendeney to increase their step height when stored 
at elevated temperatures will also) be discussed. 
Before these points can be treated, it Is necessary 
to consider the free enerey difference between the 
crystalline state and the solution state for a crystal 
with loops. 


If a ervstal has v step elements of length I, its 
free energy with respect to the solution state is 
Ao, 2vac,— (Co, val— valdf. (100 


Equation (100) is formally identical with expressions 
for the free energies of nuclei that have been pre- 
sented in previous sections, but several important 
distinctions must be noted. The eryvstal under con- 
sideration has been formed with a length Tin an 
isothermal manner. We redefine the temperature 
of crystallization as T,. Equation (100) represents 
the free energy of the crystal ata temperature fy 
Which is not necessarily the same as the temperature 
of crystallization, T,. The variation of the free 
energy of the ervstal, A@,, with temperature is pri- 
marily due to the variation of the thermodynamic 
driving foree, Af, with temperature. The approxi- 
mate variation of Af with temperature was given in 


eg 28 which Is rew ritten here for convenience 


Af— Ah, ( a a 101) 
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Finally, vy is a very large number since eq (100) 
applies to a crystal, not a nucleus. 

The volume of the crystal is val. Then the free 
energy difference per unit volume of crystal between 
the crystalline and solution states is 


Ad, 2a, , Ca, T,,—I 
( : ) oes —Ah, ( ) (102) 
val | \yva ; | @ 
Since the crystal has a large number of step elements, 
py? is small, and the second term on the right hand 
side of eq (102) will be neglected. Then 


(4%) 2% an (TT) cos 
val l 

The most stable crystal at any temperature will be 
that ervstal which bas a minimum value of A@,/val. 
It is clear from eq (103) that ervstals with large step 
heights are more stable than crystals with smaller 
step heights. It is, of course, not surprising that a 
larger crystal is more stable than a smaller one. 
However, when a loop-type crystal of length IT and 
of a given volume has been formed, it will probably 
be difficult for the step height to increase simply 
by having the erystal change its shape. Such an 
increase of step height would tend to be slow because 
of the complicated diffusion mechanism with length- 
wise “sliding” of the polymer chains that would be 
involved. The ensuing discussion is carried out on 
the assumption that, in a melting experiment. of 
sufficiently short) duration, T will) not increase 
appreciably. 

If crystals with loops with length I* are formed 
isothermally at a temperature of crystallization, T,, 
they will melt at a temperature appreciably below 
the equilibrium melting temperature. In order to 
find the melting point we = shall first derive an 
expression valid for any L The temperature at 
which a ervstal melts can be deduced from eq (103). 
A -erystal with loops, which has a step height I, is 
stable at its temperature of formation with respect 
to the solution state. If, after the crystal was 
formed, the temperature is increased, the free energy 
increases. When the free energy of the ervstal with 
respect to the solution state vanishes, the crystal 
will melt. Then the temperature of melting of a 
crystal with step height, 1, is obtained by equating 


eq (103) to zero and solving for the temperature: 
Co 
T..()=T,.1 13 ¢ (104) 
Ah | 
We see that T,, is the melting temperature of a 


erystal with infinite step height. 

The above expression, eq (104) has been derived 
With two tacit assumptions. It has been assumed 
that the rate of heating in the melting experiment 
is sufficiently rapid so that the step height, 1, does 
hot increase and sufficiently slow so that the actual 
melting temperature of the crystal will be observed 
to a close approximation. The recrystallization at 
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greater step heights after melting need not be con- 
sidered since the large negative temperature coeffi- 
cient of the crystallization process ensures that 
recrystallization is very slow. 

We have seen that in an isothermal crystallization 
the step heights of the crystals will be very close to 
a characteristic value, 1*. Thus all the crystals 
formed in an isothermal crystallization will melt at 
almost the same temperature. This temperature, 
T,,, which is where these crystals melt, i.e., redis- 
solve, is obtained by substituting the appropriate 
value of I* into eq (104): 


2G 
73 7. l eae _ : 
ane | 


Let us first consider the case where the edge free 
energy, e, of nucleating a monomolecular layer is 
negligible. Then from eq (71) and eq (28) 


(105) 


2a, ‘Tn kT. 


ee Oe 


(106) 


Since kT,/Co, is 20 A or less and I* is characteris- 
tically near 120 A, it follows that when eq (106) is 
substituted into eq (105), then Ty, is only a few 
degrees greater than T,. Thus, if the edge energy 
is negligible, the crystals formed at a temperature of 
crystallization, T,, will melt only a few degrees 
above T,. Hence, an investigation of the tempera- 
ture at which the crystals melt in solution can de- 
termine whether € is negligible or not. The com- 
bination of these results with an accurate determi- 
nation of the variation of step height 1* with the 
temperature of crystallization, T,, should determine 
the importance of e€ and e,. If the step height of 
the crystal is as large as that of the critical primary 
nucleus with e, neglected, then 


4o._ T,, 


; , aX 


(107) 
Substituting this value in eq (105) it is found that 


, | 
Thn=5 (T.4 7.) (108) 


Then even if the step height is as large as that of a 
primary nucleus the crystal will tend to melt at a 
temperature approximately midway between the 
equilibrium melting temperature in the presence of 
solvent, and the temperature of crystallization. 

The presence of a substantial number of crystal- 
lites with a small number of step elements would 
tend to broaden the melting curve, and imperfections 
due to branches might have a similar effect. It is 
to be understood that Tj, is to be measured under 
conditions where the warming rate is slow enough 
so that thermal equilibrium is established, but not 
so slow that I* has time to increase appreciably. 

\ direct determination of the equilibrium melting 
temperature in dilute solution, T,,, by slow warming 
may prove very difficult: because of the persistence 








of the step height. The “T,,’’ value so obtained 
could easily be somewhat low. 

The above results were derived for crystals in 
solution, but it is believed that they would be quali- 
tatively true if the crystals were removed from the 
solution and the solvent eliminated from the crystals. 
For example, a mass of dried loop-type crystals, 
previously initiated and grown to large x and y 
dimensions in an isothermal manner from = dilute 
solution at a temperature below T,,, should melt 
fairly sharply and well below 7, the (bulk) equi- 
librium melting temperature. 

It is not difficult to show that @ erystal with loops 
is more stable than a bundlelike crystal of the same siz 


and shape in a_ sufficiently dilute solution. The 
free energy difference between a loop-type crys- 
tal and the solution state is given in eq (100) 


The free energy difference between a bundlelike 
crystal of the same size and shape and the solution 
state is obtained by replacing a, Af, o,, and o, in 
eq (100) by a, Afa, Osa, and (¢eq—hk T log, v2/2a). 
The quantities a, A fa, and Gna are comparable to 
a, Af, and o,. The end surface free energy for a 
bundlelike crystal in dilute solution was seen to 
be (¢eg— (A Tlog.r:/2a) in section 3.2, and in 
a sufficiently dilute solution this) surface energy 
is greater than o,. Then in a sufficiently dilute 
solution the loop-type crystal is more stable than 
a bundlelike crystal of the same shape and volume, 


because the end = surface energy contribution to 
the bundlelike crystal is much larger. In faet 


if the solution is sufficiently dilute so that loop-type 
nuclei are kinetically favored over bundlelike nuclei, 
the grown loop-type crystal are at the same time 
more stable than a bundlelike crystal of the same 
shape and volume. This result applies to crystals 
in solution. 

If a loop-tvpe crystal of a giren volume and cross- 
sectional shape is in a dilute solution, the step height 
of this crystal will eventually approach an ‘“‘equilib- 
rium” value, where the total surface energy of the 
crystal willibe minimized. The “equilibrium” value 
of the step height can be obtained by differentiating 
eq (100) with respect to 1 with the volume, val, 


held constant, and then equating this result” to 
zero. If the resulting equation is solved for 1, it 
is found that the “equilibrium” value of the step 


height is (4o0,/Co,)??V"%, where V is the volume of 
the crystal. This result is based on the assumption 
that the polymer chains are much longer than the 
step heights considered. From this) formula it 
follows that the “equilibrium” value of the step 
height is roughly equal to the lateral dimensions 
of the crystal. From this it clear that the 
experimentally observed polyethylene crystals with 
characteristic step heights near 120 A’ have not 
attained their “equilibrium” step height) through 
“sliding” diffusion. 
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3.6. Kinetics of the Overall Crystallization Process 
for Dilute Solution 


In this section the theoretical expressions for the 
rate of overall crystallization are compared with the 


available experimental data with particular emphasis 


/on the temperature dependence of the rate expres- 
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sions. Unfortunately there are no available rate 
data in those systems where crystals with loops have 
been identified through morphological studies. The 
only accurate rate data for crystallization from dilute 
solution are the dilatometric measurements — of 
Mandelkern and Quinn {17, 18] on the crystallization 
of linear polvethvlene from a 0.25 percent solution 
of a-chloronaphthalene. The morphology of these 
crystals was not investigated, but Mandelkern states 
that the concentration range is Comparable to that 
in Which platelike crystals are developed. This en- 
courages the belief that crystals with folds were 
predominant, especially since the temperature de- 
pendence of the shape of the isotherms is in marked 
contrast to results obtained for crystallization from 
more concentrated polymer solutions. An analysis 
will be performed on the assumption that crystal- 
lization through chain folding was predominant. 

In preparation for an analysis of the experimental 
data a brief discussion will be given of the temper- 
ature dependence of the overall crystallization rates, 
Expressions for the overall crystallization rate were 
presented in eq (97) and (98) and will be rewritten 
here for convenience: 


y= 1—e~ 23! (109) 
where 
Z. (237 d2n,)? al, (A) (e)2 ASAT, Ayer, 
3 *siny\ h : 
(110) 


When the temperature of crystallization is not too 
far from the melting point so that AT is small, the 
principal variation of Z; with temperature is due to 
the factor pz exp Ag? kT. The quantity Ag; 
has been previously obtained: 


20° a20,.T?, 1 


(Ah,)? (AT)? nent 


Ade? = 


The temperature dependence of py, is much smaller 
than exp: —A@tkT. In fact it seems more likely 
that log p, has a different temperature dependence 
than Age. In any case we may write 


(112) 


where at low degrees of supercooling, Zay varies 
slowly with temperature compared to exp a’! 
T(AT)?.. In the case where p, does not contribute 
appreciably to a,’ we have 


/ 


- 2(" 0a, T?, 
a’ ~a . 


(Ah,)*/: 


(1953) 


For the remainder of this section it will be assumed 
that eq (113) is valid, although this is not essential 
to our analy SIS. 
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It has been shown that eq (109) is an adequate 
description of the isotherms of crystallization at 


moderate values of x for the ¢ veystalliz: ation of linear | 


polye ‘tthvlene from a dilute solution of a-chloro- 
naphthale ne. If the te mperature of crystallization 
is changed, the value of Zs is changed. The shape of 
the isotherm remains unchanged although the time 
scale is shifted. This allows us to specify the rate 
of the crystallization process by the time required for 
the value of x to reach 0.5. Then from eq (109) 

Z,(t1/2)?=log,2 (114) 
If the logarithm to the base 10 is taken of both sides, 
and eq (112) is substituted into the result, it is found 
after some manipulation that: 


- | + P 30 1 a@ logy « 
i. 2 - o2|~3 TAT)? 


[It is clear from eq (115) that if experimental values 
of logio( fi.) were plotted against 7'(AT)~? for 
various crystallization temperatures, an approxi- 
mately straight line should be obtained. The value 
of the product (o2o6,) could be obtained from the 
slope of this straight line. Since AT=T,,—T, it is 
clear that the equilibrium melting temperature, T,,,, 
must be known before such a plot could be con- 
structed. 

Mandelkern and Quinn [17, 18] have observed the 
isothermal crystallization of linear polyethylene 
from a 0.25 percent solution of a-chloronaphthalene 
dilatometrically. The shapes of their isotherms 
agree at values of moderate x with eq (109), so that 
it seems reasonable to apply eq (115) to the tempera- 
ture dependence of these isotherms. Mandelkern 
has tabulated the values of f:, for one degree inter- 
vals of the crystallization temperature between 
97° C and 104° C. He also quotes the equilibrium 
melting temperature as being between 109° C and 
110° C [1S], and presents a ‘plot of log(1/f:,) versus 
100 (AT)? which is based on this value of Ta. In 
figure 9 a similar plot is presented. Figure 9 is con- 
structed from the tabulated values of Mandelkern, 


(115) 


plotting log(1/f:,) cag 10°/T(AT)? with T,,—110° 
C. The curve shown i 1 figure 9 is certainly not a 
straight line, but is ces concave upwards. More- 


over, the slope at the lower degrees of supercooling is 
smaller in magnitude than the corresponding slope 
for bulk polyethylene which would appear to indicate 
that oe, is smaller than the corresponding product 
for the bulk polymer. These facts stand in apparent 
contradiction to the theory presented in this paper. 

The morphology of the crystals was not investi- 
gated by Mandelkern and Quinn. It is therefore 
possible that the theory deve loped in this paper is not 
applicable to the data plotted in figure 9. However, 
it is no easier to explain the curvature in figure 9 if 
one assumes that bundlelike crystals were nucleated 
either homogeneously or heterogeneously. Since 
the deviation from a straight line of log(1/f:;) plotted 
against 7 'AT ? or T-'AT™! is not accounted for 
by the hypotheses just given, a further discussion of 
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the data will be given. This discussion will show 
that the experimental data are not necessarily incon- 
sistent with the theory presented in this paper and 
will serve the useful purpose of emphasizing the 
care required in obtaining experimental evidence 
that provides a critical test of this theory. 
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Picture 9. Plot of log (1/t;) against [105/T(AT)?] for a 0.25 


percent polyethylene solution in a-chlorcnaphthalene with 
Lea 110? C. 

After Mandelkern, see ref. [18}). 

Upon reflection, a possible resolution of the 


apparent discrepancy can be seen. Suppose that 
the value T,,=110° C was obtained by dilatometri- 
cally observing the melting of the crystals in the 
solution. In the previous section it was shown that 
crystals formed in dilute solution may melt sharply 
well below the equilibrium melting temperature for 
dilute solution. Then the correct value of T,, might 
be appreciably higher than 110°. Rough estimates 
of T,, can be made by two separate methods. First, 
if it is assumed that eq (108) is accurate, and that 
the observed melting temperature, T;,, is 110° C, 
the equilibrium melting temperature is obtained” if 
the crystallization temperature is given. For ex- 
ample, if it is assumed that for a sample crystallized 
at 96° C the observed melting temperature of these 
crystals is 110° C, then T,,= 124°C. If the tempera- 
tures of crystallization and observed melting — 
103° and 110° C, T,,=117° C. This method ¢ 

estimating T,, has two drawbacks: (a) the ones 
furnishes a range of values of T,, instead of a single 
value, and, (b) eq (108) is probably not very accurate. 
Another method of estimating T,, is to plot logyo(1/t,/2) 
against (10°/7(AT)*) for various values of T,. 
T,, i is taken to be that value which vields a straight 
line plot, if such a value exists. This method of 
estimating T,, is based on the correctness of eq (115). 
In figure 10 plots of log(1/t,.) against 10°/7(AT)? 
are presented for the assumed values of T,,= 117° C 
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FiGureE 10. Plot of log (1 fi.) against (105/T(AT) 
percent polyethyle ne solution in a-chloronaphthale ne for two 


assumed values of : es showing approach to straight-line he- 


havior. 

The slope of the line obtained with T,,=124° C implies a G-o, value of ~1070 
erg? cm 
and T,,=124° C. The plot for T,,=117° C has 
considerable curvature, but the plot for T,,— 124° C 
is fitted well by a straight line. 

It is found from the slope of the plot in figure 10 
for T,,—124° C that (e¢,)=1070. This value is 


much larger than the corresponding value obtained 
from the data on bulk polvethvlene where (o2¢,)~ 
100, calculated from the slope of the plot. of 
(log 1/f;.) against 100/(47')? presented by Mandel- 
kern [IS]. This is consistent with the concept that 
o,>o,, eq (27). Then the supposition that T,, 
124° C resolves each of the apparent discrepancies 
between the theory presented in this paper and the 
experimental rates. It of course, not clear that 
the plot of log(1/f,,.) should be exactly straight since 
Z) in eq (115) is temperature dependent. However, 
even if T,, is as low as 117° C the plot in figure 10 
corresponds to a value of o?6, which is larger than 
that observed for the bulk polymer. It is clear that 
there is no inconsistency between this data and the 
theory presented in this paper if T,, is appreciably 
larger than 110° C, 

Such high values of T,, are not 
the errors in estimating T,,. In determining the 
heat of fusion of — polvethyvlene, Quinn — and 
Mandelkern [14] measured the melting temperature 
polyethylene as_a Sra of concentration in 
various solvents. The heat of fusion per mole of 
repeat units, A//,, was nc ee ener by fitting the 
experimental data to the equation 

| ) 
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Here 7, is the equilibrium melting temperature of 
the bulk polyme r, V, and V are the molar volumes 
of the repeating unit and the diluent respectively, B 
is the interaction ene re\ de TSIEN characteristic of the 
solvent solution pair, and 7, the equilibrium 
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melting temperature in the presence of diluent. (We 
adhere to the assumption that a value of Pia for 
y->1 obtained under equilibrium conditions is very 
close to T,,.) While A/7Z, was determined within a 
few percent, Quinn and Mandelkern state that B 
could in error by several cal-em~*. For poly- 
ethylene in a-chloronaphthalene they obtain aq 
value Bo. If a value of B cal-em.-* were 
assigned and A/7/, left unchanged 7.,,,,,-+124° Cas 
‘ol. Thus 7;,(¢)=124° C lies within the assigned 
experimental error. On the other hand it is some- 
what difficult to reconcile the data of Quinn and 
Mandelkern for moderate concentrations of poly- 
ethylene in e-chloronaphthalene with a value of 
Tma for v,—-1 high as 124° CC. In short, no 
definite conclusion can be drawn, but the authors 
feel that the apparent discrepancy may arise from 
an incorrect value of T,,. 

Kven if the correct value of T,, 110° C for a 
dilute solution of polyethylene in a-chloronaphtha- 
lene, the data of Mandelkern and Quinn are not 
necessarily inconsistent with the theory presented 
in this paper. Equation (115) was derived on the 
assumption that the equilibrium nucleation rate 
was attained. If, however, the growth rate of the 
crystals is so great compared to the nucleation rate 
that the early nucleation transient determines the 
overall crystallization rate, a different type of 
expression may be expected. No attempt will be 
made to obtain an accurate expression for the 
transient nucleation rate, but the influence of AF, 
the free energy barrier to addition of another step 
element, will be very pronounced. This would lead 
toa plot of log (1/4,) versus 7 'AT ? similar to that 
shown in figure 9. It should be noted that the first 
) percent of the isotherms obtained by Mandelkern 
seemed to imply a transient nucleation rate. It 
should also be noted that if transient nucleation is 
determining the rate of crystallization of crystals 
with loops, a reduction in the concentration of the 
solution will reduce the growth rate and straighten 
the plot of log (1/f,) versus 7” '(AT) The curv- 
ature of the plot obtained by Mandelkern and Quinn 
could apparently be explained if €, were not negli- 
gible because then Ag* would be given by eq (78) 
and hence a straight line plot would not be expected, 
This, however, does not account for the low value of 
oo, obtained from their data when T,, 116° C. 
The data of Mandelkern and Quinn may also be 
explained by other special assumptions, but these 
possibilities do not appear to be as likely as the ones 
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eited, 

It is clear that for a proper evaluation the 
experimental data an accurate value of T,, must be 
obtained. it has been shown in section 3.4 
that crystals with loops may melt well below equi- 
librium melting temperature, it is possible that this 
represents a serious problem for dilute solutions. 
One possibility is to measure the temperature of 
melting and the characteristic step height, 1*, 
function of crystallization temperature and attempt 
to extrapolate to the equilibrium melting temperature 
by the use of eq (105). 
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(There is little reason to expect that the free energies 
of activation controlling the jump-rate at the super- 








cooled-liquid crystal interface would be such as 


cause a preponderance of loop-type nuclei in 


to 

bulk.) Then if bundlelike nuclei can grow, the 
polymer will erystallize without loop formation. 
However, if the radial growth of the bundlelike 
nucleus is severely impeded by the strain. effect 
mentioned in section 2.2, which results from the 


increasing difference in the lattice spacing of the 


erystal and “liquid”? just outside the ends of the 
bundlelike nucleus as it grows radially, actual 
crystallization resulting from such nuclei may be 


Then another crystallization proc- 
ess may enter. Since according to our formula- 
tion, the formation of a few loop-type nuclei is 
possible at 71, and in view of the fact that these 
would grow if erystallizable material were present, 
the majority of crystallites actually observed in the 
bulk phase in such a case would be of the loop- 
containing variety. The hypothesis that) bundle- 
like nuclei may be prevented from growing to large 
size by strain, coupled with the reasonable belief 
that loop-tvpe nuclei, once formed, might not be 
subject to such a strain effect on growth, thus leads 
to the possibility that loop-tvpe crystals could make 
up the main part of the erystallization in the bulk 
phase. Even then, numerous bundlelike nuclei 
would be present. The main point of the present 
theory, however, is that loop-type nuclei (and sub- 
sequently crystals derived from them) are quite 
certain to appear at. sufficiently great dilution, 
provided that loop formation consistent with crystal 
structure is. sterically possible. The theoretical 
prediction of homogeneously induced — loop-type 
erystals in bulk depends on additional factors, and 
is altogether more of an open question. 

At various places in the literature, evidence has 
been given suggesting that crystals with folds may 
arise in bulk polymers (see ref. [1|). The presently 
available evidence that such “structures” 
in bulk polymers may be associated with a step 
height resulting from nuclei with chain folds that 
are of homogeneous origin is incomplete. If it is in 
fact true that step structures associated with folds 
actually exist in the bulk phase, we believe full con- 


greatly subdued. 


as are seen 
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sideration must be given to the possibility that 
heterogeneities or surfaces may be involved. We 


consider it possible that nuclei with folds may form 
at the surface of a heterogeneity in a bulk phase, 
some or nearly all of the energy deficit arising from 
the bending energy q being made up by the interac- 
tion energy of the polymer molecule with the hetero- 
geneity. Also, special structures may tend to develop 
at the surface of a bulk polymer specimen. 

From a theoretical point of view, very 
able confusion can be caused by assuming that any 
structure seen in a bulk polymer, or on its surface, 
is a result of homogeneous initiation. It now 
known that quite stringent measures are frequently 
required to develop the intrinsic nucleation mecha- 
nism in a bulk polymer. For example, careful filtra- 
tion and selection of samples coupled with strong 
superheating prior to. erystallization evidently 
advisable in Precautions of the 


consider- 


is 
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some instances. 
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type just mentioned, which are designed to enhanee 
the homogeneous nucleation mechanism, do not seem 
to be commonly employed in morphological studies 
on bulk polyme rs. 

Our views concerning the existence of loop- type 
crystals in’ bulk polymers mav be summarized as 
follows: (a) While the evidence that  loop- -type 
erystals exist in bulk polymers is mounting, proof 
that such erystals are of homogeneous origin is lack- 
Ing: (b) if such loop- -Lvpe cry stals are i In some polymer 
proved to be of homogeneous origin, consideration 
should be given to the possibility that strain subdues 
or prevents the growth of bundlelike nuclei and, since 
a few loop-type nuclei will be present, thus allow the 
predominant crystalline form to possess loops; 
a likely source of loop-type nuclei is a heterogeneity, 
and full consideration must be given to this fact in 
interpreting data on bulk polymers that have not 
been subjected to special treatment; (d) a proof that 
erystals with chain folds occurred in a bulk polymer 
by either homogeneous or heterogeneous initiation 
would not invalidate the general approach here for 
the formation of loop-type nuelet and crystals from 
dilute solution. 


With regard 


(¢) 


effect. of heterogeneities in 
dilute solution, it is clear that they will accelerate 
the crystallization process. However, by careful 
filtration, centrifugation, or previous precipitation, it 
should be possible to eliminate the effect of foreign 
bodies to a degree sufficient to permit the intrinsic 
mechanism to manifest itself. Judging from. the 
remarks of Keller and O’Connor [1] concerning their 
technique and results, it would appear that many 
of the crystals that they discussed were formed in the 
body of the solution, and not on motes in the solu- 
tion, or on the container walls. There is also reason 
to believe that some of the other work cited, notably 
the rate studies of Mandelkern [17, 18], may refer to 
homogeneous initiation. Nevertheless, it is manda- 
tory to exercise considerable care in carrying out 
rate experiments in dilute solution in such a way as 
the effect of foreign bodies. 


to the 


to subdue 
4.3. Concluding Remarks 


In this paper, a point of view is expressed that 
leads to a number of definite predictions concerning 
the formation of polymer crystals with loops from 
dilute solution. Perhaps the most important and 
compelling prediction is that crystals of this type 
will be deposited from sufficiently dilute solution 
if it is physically possible to form a fold that is con- 
with lattice structure and. steric considera- 
tions. Definite predictions are also given, under 
certain assumptions, concerning the variation of 
step height with crystallization temperature, meta- 
stability and melting point, the x law connected with 
the appearance of loop-type crystals from dilute 
solution, the temperature dependence of the kinetics 
of erystallization, and the constancy of step height 


sistent 


ina crystal grown in an isothermal manner. In 
addition, rough numerical estimates of important 
fundamental quantities, such as o6,, are given, 
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Insofar as it can be tested, the theory seems to be 
in at least approximate accord with the facts 
presently known. It is believed that the theory is 
sufficiently to the point as to provide a reasonable 
framework for future experimental studies even if it 
proves not to be quantitatively correct. Moreover, 
specific experimental approaches, together with their 
attendant (and sometimes formidable) difficulties 
are mentioned, No claim is made that the theory is 
complete. For example, it) is obvious that the 
interesting details of the structure of the fold itself 
have been largely passed over, and some of the 
possibilities concerning the growth mechanism which 
could, for instance, lead to a ramp-type of growth 
due to spiral dislocations have not been mentioned. 


5. Appendix 


5.1. Equilibrium Nucleation Rates of Crystals With 
Chain Folds 


We wish to calculate the equilibrium nucleation 
rate per unit’ volume of crystals formed by chain 
folding. The method of derivation, which is merely 
outlined below, is that used by Turnbull and Fisher 
[S]. The reader is referred to that paper for details. 

A nucleus of » step elements of length, I, can gain 
or lose a step element by an elementary process. 
This nucleus Thlea\ he specified Iy land v where vp 
may possess the values 


y, is the minimum number of step elements ina 
nucleus. The number of nuclei per unit) volume 
with vy segments and a leneth between Land I+dl is 
nv ijd/l. The free energy of a primary embrvo or 
nucleus is 


Ag, (v) —(Co.hya)yv—[lAf—2o,Jav.  (A-1) 
This funetion has a maximum value at 
(('o.1)- 
= peer ret A-2) 
ta lAf— 2o,)° 
The value of Ag, when expanded about v* is 
a’ (lAf—2,)3(v—v*)? 
Ad,—Ad;- + 
(¢ o 1)- 
A-3) 
where 
A C= A—4 
Q?|,=> ~ . y +) 
’ 6-4(1Af—2e.) 


A nucleus of length Lean only become stable by 
addition of step elements. | cannot vary without 
dissolution of the minimum size nucleus. The free 
energy diagram for nuclei of vy and v+ 1 step elements 
with some fixed length Lis shown in figure 11. The 
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Figure 11. Cross section of free energy surface for the most 


probable ,eaction path between embryos of V step elements o 
length | and embryos of (v+1) step elements of length 1. 


Che energy minima at (1) and (8B) represent the free energy difference from 
the liquid state of the two different embryos, respectively. 


rate that nucle: with » step elements become nuclei 
with »+-1 step elements is 


n(v,l | ( As ) exp {-ir} ; 


whereas the rate of the backward reaction is 


n(v- bal(“T) exp {-i}- 


Then the net rate of nucleation 7(Ddlis 


(dl =(“ ) | ned exp {—i} 
n(v+1)dl exp {-7}} (A—5) 


W, = AF*-4 


Now 


3[Ag,(v+ 1,1) —Ag@,(v,)] 
2 
(A 6) 

W,— AF*—3[Ag,(v+ 1,)—Ae,(»,D], 
where AF* is the free energy barrier associated with 
addition or subtraction of a segment from the 


nuclei. The value of AF will be independent of 
vy and probably independent of 1. 








Now if v is a large number we are justified in 


treating v as a continuous variable. With this 
approximation eqs (A—5) and (A-6) become 
, kTal 0(Ag,) ieee 
i(D)dl=— on 7 Po! ad 
h Ov 
(A-7) 


where higher derivatives with respect to v have been 
neglected. This equation is easily integrated from 
v=s to v=o. Using the boundary condition 
n(o,1)=0 for the equilibrium case we have 


eg 8) /kT 
AI [ns EP? | AF, /k7 


(A-8) 
d veAPp'/k1 


The right hand side of eq (A-8) may be evaluated 
if s is chosen so v,.<<s<<v'*. We find then by 
use of eq (A-3) that 


on) 2 y) 3 1/2 
dy 9p KT ww a (laf— 26, se CABT/KT 
y vA ry p 
$ n(Cod)*k7 


(A 


which is a good approximation when A@i/k7T > >1. 
We may evaluate n(s,I) if sis sufficiently small that a 

Maxwellian distribution holds. Then 

AD p's? kT (A 10) 


n(s, dl Ade 


If s is sufficiently small we may assume that only the 


surface energy terms are important. Then 
Ag, ~ Ae, —(Colya)yv+20,av.  (A-11) 


Since the sum over all states sf must equal the 
number of polymer molecules per unit volume we 
may evaluate A. Treating s and I as continuous 
variables running from zero to infinity 


co ® 00 AGUET 1 
mo{ ( dy dle i ° (A-12) 
. 0 Py at) 


Substitution of eq (A—11) into (A-12) gives us 

fe Co.a 2a, 

n(s, 1) e409 AT = = — | no (A-13) 
yr (kT 3” 


Then substituting (A-13) and (A-9) into (A-S) we 


have the desired expression 


-() = a’y2 2o,(1Af f—2z,)* Soe 
iia r(kT) A _ 





AFS/kT —A@t/KT 
é Pp a 
(A--14) 


calculate the total nucleation rate by 
all l. The number of 


We may 
integrating eq (A-14) over 


stable nuclei formed per unit: volume of solution 
per unit time is 
-nkT ie ite — 
I= K ~~ e-4¥ o*? ¢— 40 ik7 (A-15) 
h 
where 
. 27eo 
Ag i= (A-16 
?, (Af)? \ 16) 


- (20,)°” (Af)a? 
A= Sep (A~17) 
yal o, (kT )3/* 


Throughout this appendix it has been assumed 
that each nucleus is composed of step elements of 
uniform length. This assumption has simplified 
the derivation of eq (A-15) and has led to an explicit 
expression for the distribution of the lengths of the 
step elements in stable nuclei in eq (A-14). It is, 
of course, possible that an embryo or nucleus could 
be composed of step elements of different lengths. 
The remainder of this appendix is devoted to dis- 
cussing this more general case. This discussion will 
support the validity of the above results. 

In the general case an embryo or nucleus will have 
vy step elements which have lengths: 1, L, ... 4. 
The principal difficulty in treating this case is in ob- 
taining and handling appropriate expressions for the 
free energy of such nuclei. Fortunately for the pur- 


poses of this paper the problem is’ considerably 
simplified. When the edge energy, €, needed to form 
a monomolecular layer is large, the free energy 


gained by packing the loops in a flat surface is appre- 
ciable. Hence e mbryos or nuclei with different step 
heights 1, bL, ... 1, are energetically improbable 
compared to nuclei whose step elements have the 
same step height. Then in this case it is clearly 
justified to treat nuclei which may be characterized 
by a single step height. But it is only when € is a 
large quantity that the distribution of step heights 
In primary critical nuclei need to be considered, for 
it is only then that the step height of the crystal will 
be determined by the step height of the critical 
primary nucleus, so that the distribution in step 
heights of the primary nuclei control the distribution 
in ste p heights of the crystals. Hf eis a smaller quan- 
tity the distribution of the step heights of the crystals 
will be independent of that of the primary nuclei, 
and only the total nucleation rate is of interest. 
The total nucleation rate is given by eq (A—-15) in 
any case, 

5.2. Equilibrium Rate of Formation of Mono- 

molecular Nuclei on a Crystal Face 


We wish to caleulate the equilibrium nucleation 
rate of monomolecular nuclei on a crystal face. 
This problem is similar to the one treated in the 
previous appendix, except that the free energy sur- 
face is different. In particular, the activated nucleus 
is reached in a single elementary process from the 
supercooled liquid. It will be assumed that the 
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nucleus can contain pv step elements where v can 
possess the values 
9 / 
a (B-1) 
The free energy required to form a nucleus of v step 
elements Is 


Ao, —0, v—0 

(B-2) 
Ad,— Ao" — (y—1) F, v 
Then the activated state is at v=1, where Ag;= Ag"?. 
The same method of derivation will be used as in 
appendix 5.1. Then the rate at which nuclei with v 


step elements become nuclei with (vy+-1) step ele- 
(Ad, +1 


ments Is 
ete ed 


whereas the rate of the baekward reaction is 


year exp fH Ae sr MOOT 


kT 
o(% 


~ 


kT 


mail) 2kT 


is the number of nuclei per unit) volume 
The net rate of nucleation per 


Here n, 
with v step elements. 
unit volume, r, 

(Ag: ., 


ye ail a esp ae ] 
Ne exp) SP |b (B 5) 


If the rate is an equilibrium rate, r does not depend 


is 


kT 


ani 


on vy. Combining (B-2) with (B-5) 
2 i 96 ‘ 
r- ; EW AF UAT Sy gE /2k1 Me 
p= 1.2, 
and (B-6) 


kT 


io 


From eq (B-6) 


hea rape aon re 
)e AFT /AT noe AP (kT 9» G58 '/2kT). (B-7) 


[e”* kT 1] 


ir) 2 sinh £/2kT (B-8) 


Since we are concerned with the equilibrium rate, 
nm must be bounded as v- In order that this is 
satisfied 


weet" r( 
> CO, 


r=2n, CP AF*/KT sinh (sep ): (B 9) 
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Combining eq (B-7) and (B—9) we may solve for r: 


~w(F 


)e AF*/AT p—-A@ 4 /kT 


{ 2 sinh (E£/2kT) 
] 


ear eae (B-10 
+ Ze—49 */2kT sinh ( man ) 


This then is the desired equilibrium rate of forma- 
tion of these nuclei. 

Three points in this derivation are worthy of com- 
ment. First the derivation in this appendix differs 
from that in appendix 5.1 in that the activated state 
is attained by a single elementary process. Then 
the expression obtained in eq (B-10) must be applied 
with due caution since more detailed knowledge of 
the nucleation process is assumed than in the previ- 
ous appendix. The second point is that by solving 
for n, from eqs (B-8), (B-9), and (B—10) it is found 
that 
Noe Ag t/kT 


ae t2eTr sinh EpET) (BM) 


2 exp 


Thus 7, is independent of v, and does not vanish as 
v becomes infinitely large. This raises the question 
of whether a very large time is required before the 
equilibrium rate is achieved so that the transient rate 
cannot be neglected. This question can be answered 
by a solution of the time dependent problem. It 
can be shown for the case treated here that the 
equilibrium rate is closely approached after the num- 
ber of nuclei with a few step elements have nearly 
reached the value found in eq (B-11). Thus the 
equilibrium rate derived in eq (B-10) is applicable 
to the case at hand. Thirdly in both appendixes 
5.1. and 5.2. it has been assumed tacitly that nuclei 
can be initiated at only one point in the polymer 
chain. If this assumption is taken into account in 
an appropriate manner, a numerical factor will be 
introduced into the nucleation rates obtained. This 
factor will almost certainly be less than 10%. 

Equation (B-10) is first used in section 3.2. to 
describe the formation of a primary crystallite 
through monomolecular accretion from a critical- 
sized loop-type nucleus. It is later used to describe 
the growth of a crystallite in section 3.3., Le., 
Ao”—A¢@;. Since in ‘sections 3.2. and 3.3. the 
quantity rdl is taken as the rate of formation of 
nuclei with step heights between I and I+dl, the 
quantity will contain a normalization constant C, 
which arises because the rates of more than one 
competing process are considered. 
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Studies of Beryllium Chromite and Other Beryllia 
Compounds With RO: Oxides 
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Reactions between BeO and R.O, oxides at high temperatures were studied. 


Com- 


pound formation was observed between BeO and the following oxides: B,O3, Al,Q3, Ga2Qs, 


Y203, Lia.O3, and Cr.Os3. 


studies were made of BeO-Cr2O; which is isostructural with BeO-Al,Os3. 
Optical and X-ray data are given for all reaction products 


semiconductor. 


1. Introduction 


In hydrothermal experiments involving the system 
BeO+ ALO;,+—SiO. with small amounts of added 
Cr,O,; at 850° C, it was found that X-ray patterns 
of reaction products persistently showed evidence 
for an unidentified material. It was found that 
this material was a compound between BeO and 
CrO,. The compound has been reported earlier 
to be BeO-Cr.O, by Lang, Roth, and Fillmore [1]! 
who studied) the system BeO-Cr,O3-ZrO,. They 
found that it was orthorhombic, isostructural with 
BeO-ALO,, with unit call parameters a--10.0 A, 
b—5.8 A, and c 4.5 A. The present report de- 
scribes the preparation and some of the properties 
of BeO-Cr.O; as well as preliminary studies on the 
reactions between BeO and the R,O, oxides in group 
Il of the periodic svstem. 


2. Experimental Materials and Methods 


All reagents used were oxides of reagent grade 
except) Ga,O,, In.O,, and Y.O;. The former two 
were made by solution of chemically pure metal in 
nitric acid followed by thermal decomposition of the 
nitrate. The available specimen of Y.O, was of 
commercial origin with a purity of 99.7 percent. 

Hydrothermal reactions were carried out in the 
well-known cold-seal apparatus [2], using platinum 
containers. Solid state reactions were made through 
repeated heating and grinding of oxides. Materials 
were heated to temperatures as high as 1,550° C in 
platinum, while BeO contamers were used between 
1,550° C and 2,100° C. Temperatures to 1,550° 
C were obtained with platinum wire furnaces and 
higher temperatures with a carbon resistance furnace 
using a He atmosphere. Early results indicated the 
desirability of a rapid screening process. This was 
accomplished by using a small d-c carbon are as 
a furnace. Component oxides were mixed and 
treated with a sufficient quantity of 10) percent 
aqueous starch solution to form a paste. The 
paste was extruded from glass tubing to form small 
rods !, in. in diameter, which were dried and melted 
mm the are using the tubing as a handle. All oxides 
studied were melted rapidly in the are and a single 
e—_————~ 


1 Figures in brackets indicate the literature references at the end of this paper. 


No reaction was observed with Ses03, In,Q3, and FeO. 





Detailed 
BeQ. ( y rOz is a 


small fused bead was sufficient to permit X-ray and 
microscopic analysis. The possible reduction and 
volatilization of the oxides precludes knowledge of 
the purity or composition of the arce-fused product, 
but rapid search for reactions is quite simple with 
this method, 


3. Results 
3.1. BeO-Cr.O,; 


This material formed hydrothermally at temper- 
atures as low as 800° C in the presence of water. In 
this temperature range, however, the reaction rate 
is verv low and crystals are very small. 

In the solid state, slow reaction was observed at 
temperatures as low as 1,400° C. Microscopic 
comparisons of the surface with the body of specimens 
showed that prolonged heating of oxide mixtures at 
1,450° C produces some surface loss of Cr,O;. The 
loss accelerates as the temperature is raised so that 
only BeO crystals remain on the surface after 4 hr 
at 1,750° C. Below about 1,600° C the rate of 
loss is believed to be sufficiently low that the bulk 
composition is essentialiy unaffected m normal 
heating periods. That the Cr,O,; vapor was at 
least partially due to vapor pressure of the com- 
pound was shown by the fact that BeO-Cr.O3 
sintered in BeO at 1,750° C also showed much 
surface loss of Cr,O;. The competitive processes 
of reaction of the oxides and vaporization of Cr,O, 
from the oxide mixture and the compound indicate 
that there is an optimum temperature for formation 
of BeO.Cr,0,. These experiments indicate that this 
temperature is probably between 1,300° C and 
1,600° C. Asa result of vaporization of Cr,Q; large 
single crystals would not be expected im open 
systems; however, crystals as large as 0.05 mm are 
readily formed under these conditions. The com- 
pound forms readily in the are crystallizing from 
the liquid phase. Experiments in the are also 
showed that the compound BeO-Cr,03; was a semi- 
conductor as conductivity of specimens became so 
high at elevated temperatures that resistance heat- 
ing could be effected. 

Microscopic examination showed that BeO-Cr,03 
forms well-terminated, transparent, deep green crys- 
tals having a reddish pleochroism. The crystals are 
biaxial negative with 2V ~45° and indices, a=2.143, 
8 not measured, y=2.230. Pseudohexagonal, highly 








TABLE 1, X-ray powder pattern for BeO-Cr20s 


Cu Ka, A=1.5405 





BeO-Cr,0 





dob hkl deale 
1 1 
4.135 101 4.131 
3. 337 111 3. 337 
2.653 301 » 054 
2. 452 220 » 451 
2. 402 311 2. 403 
2. 335 121 2 335 
2.157 401 2. 157 
1. 936 321 1. 936 
=9F /421 1.715 
mikes i511 1716 
1. 66S a) 1. 669 
1. 539 331 | 1. 53S 
1.519 OOS 1. 5i% 
1. 4159 040 1. 4155 
1 4140 620 1.4141 
1. 8765 303 1.3771 
1 Unit cell parameters a=9.792 A, )=5.663 A, c=4.555 A; calculated density 


4.654 g/em$ at 25° C. 
twinned crystals similar to those of BeO-Al,O; are 
obtained on reaction via the liquid phase. 

Polycrystalline material appears black and opaque. 
It has a hardness on the Moh’s seale of about 9 by the 
scratch test. The melting point was not measured 
but it was found that a eutectic between BeO and 
BeO-Cr,0; melts below approximately 2,050° C. The 
measured specific gravity is 4.42 and the principal 
X-ray powder lines are given in table 1 with the 
indices and unit cell parameters. X-ray studies 
conducted on mixtures rich in BeO or Cr.O, showed 
no appreciable solid solution of the parent oxides in 
BeO-Cr,Oy. 

X-ray powder patterns 
BeO-Cr,O, are isostructural. 
were prepared from the component oxides and 
the variation of the unit cell parameters with 
composition is shown in figure 1. Although some 
curvature is possible in the variation of ‘a’ with 
composition, the deviations from linearity are 
probably within the experimental error of deter- 
mining the cell) parameters. In addition — the 
compositions denoted by the pomts are deter- 
mined from the known quantities of oxides added 
and may be subject to some error arising from 
loss of Cr,Q, on firing. This error is believed to be 
small. From these data it appears that a complete 
series of solid solutions exists between BeO- ALO, and 
BeO-Cr.0,. This conclusion differs from that of 
Gjessing, Larrson, and Major [8] who found only 
partial substitution of Cr,O, for AIO, in’ the 
BeO- Al,O, structure. 

In view of the electrical conductivity of BeO-Cr,0. 
at elevated temperatures, it was of interest to deter- 
mine the  temperature-resistance characteristics. 
These measurements were made on polycrystalline 
sintered bars using platinum electrodes. Specimens 
were Measure in a temperature-controlled furnace 
using a commercial megohm bridge which applied 
500 v across the specimen. Since single crystals were 
not used, and the bars possessed pores, the resistiv- 
ities could not be determined, the resulting data 


show BeO-Al,O, and 
Several solid solutions 
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hrGure 1. Variation of unit cell parameters in the solid 
solution series BeO-AlsO3-BeO-CroQ 
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Temperature variation of resistance of BeO-Al,03, 
BeO-Cr,03 and solid solutions. 


FIGURE 2 


being valid only for showing the temperature depend- 
ence of resistance. The resistance was measured at 
temperature intervals of approximately 100° C and 
the data are shown for BeO-Cr.O, as well as BeO-Al,O3 
and two solid solutions in figure 2. The data are 
plotted in the usual manner using 1/7’ and log R. 
From the figure it will be observed that data for 
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specimens containing Cr,O. are not inconsistent with 
the interpretation that they are intrinsic semiconduc- | 
tors, above about 300° C. If this interpretation is | 
correct the average energy gap is calculated to be | 
2.4 ev and appears to be independent of the | 
ALO Cr.O; ratio. | 

The magnetic characteristics of BeO-Cr,O3 are | 
being studied by W. E. Henry of the Naval Research 
Laboratory. Preliminary results show the material 
to be antiferromagnetic. 


3.2. BeO-R.O, Reactiors 
a. BeO-B:O 


A crystalline product is formed by heating BeO 
and crystalline B.O; at 800° CC. The_ principal 
X-ray lines for the material are given in table 2. 
Crystals are biaxial with 2V=90° and indices 
a—1.62, B not measured, y=1.574. The material 
is not isostructural with BeO-ALO;. From the X-ray 
pattern the product can be identified with the com- 
pound 3BeO-B.O; reported by Menzel and Sliwinski 
14] and by Mazelev {5}. 


Tasie 2. N-ray powder patterns for BeO-R2O3 compounds 
Cu Ka,A=1.5405 
3BeO- Bod BeO.24 220 nBeO- Y2O nBeO-LacO 
1A f ee hil / d d, A I a,A ] 
7. 302 th TIT LOO om 6.716 7.190) ow 3.768 Vs 
6.06 7 Wa om 3.8707 5.196 Ww 3.718 1 
5. 921 $359 4) 358 4. O07 vw 3. 673 I 
3.967 1 » 728 101 2. 723 1469 = s 3.296 om 
3. tai. \ 4 210 2, ee 3. 146 mW 3. 063 Mm 
$. S2t 2. 20) 202 = Ss 2. 228 2.922 | Vs 3.008 os 
3.6 1 43s 21) 1.439 2.838 | n 2.681 m 
3. ISS 1 ut} 21 1. 932 2.786 | m 2.628 | m 
» QO] 1 S63 310) Ww 1.863 2.763: |W 2.620 0m 
2 stys \ 1741 30] " 1. 790 2. 600 \ 2 ALY S 
2.718 Hh ook | 1.625 2.479 | w 2.494 m 
2, 4st I 1.479 sil | Ww 1.579 2.412 w 2.465 | w 
2.446 | w 1.541 320) | 1.541 2.213 | Ww 2.224 | w 
2 365 ow 1. 484 2 \W 1.495 2. 193 \ 2.167 m 
2.204 | Ww 1. 4 110) \ 1. 466 2.060 Ww 2422 | ™ 
2.168 | W 1. 369 $21 m 1. 369 1.979 | m 2.055 | w 
2.081 \\ 1. Slt $1] W 1.316 1.975 | w 2.030 | w 
1.932 | v 1. Qe 2t2. | 1. 286 1.945 w 1980 om 
1. 401 \ 2H 120) vw 1. 269 1. 88S w 1.965 \ 
1.751 | Vv 1. 200 AIO | Vw 1. 206 1.767 | ™m 1.88300 om 
Liou 1. ISS 222 | vw 1. 182 1.405; | W 1. S3S \ 
1656 \ 164 121 VN 1. 168 1. 682 W 1. S20 W 
1.430 ow 1.651 W 1.785 | m 
1 275 \ 1460 ow 1.763 | m 
1. 455 \ 1.740 3 ow 
1. 289 Ww 1. 700 W 
1. 69S Ww 
1.678 | w 
1.652 | w 
L470 ow 
1. 63S W 
1. 627 W 
L610 ow 
1. 608 Ww 
1. 542 | w 
1 oo W 
1.483 Ww 
1. 446 aay 
1. POO W 
1.201 ™m 
1 Indexed on the basis of a hexagonal unit cell with parameters a@=7.78 A and 
C=2.98A 
b. BeO-Al.O 


In addition to BeO-ALOs, the product BeO-3ALOs | 
is readily formed by are fusion of the 1:3 oxide mix- | 
ture. This material is identified with the X-ray 
powder pattern given originally by Foster and | 
Royal [6] and extended by Budnikov et al. [7]. | 
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c. BeO-Sc,0; 


Mixtures of BeO and Se,QO, can be fused with diffi- 
culty in the are. However, despite numerous 
attempts no evidence for reaction was observed. 
X-ray powder patterns of fused beads showed only 
BeO and Se.Q, lines. 


d. BeO-Ga,O; 


Are fusion studies showed reaction between BeO 
and Ga,O;, but X-ray patterns showed the product 
Was not isostructural with BeO-Al,O3.  Gjessing, 
Larrson, and Major [3] have previously reported a 
compound, BeO-2Ga,03, which is not isostructural 
with BeO-Al,O;. Solid state reactions indicated that 
the material was readily formed at 1,350° from a 
mixture of oxides. Although complete reaction was 
not obtained in short periods at this temperature as 
shown by X-ray lines of unreacted BeO or Ga,O, 
the product is believed to be identical with the 
BeO-2Ga.0, reported earlier [3]. Microscopic exam- 
ination showed the material to be uniaxial positive 
with indices 1.747 and 1.774. The X-ray powder 
pattern lines given in table 2 were obtained by 
deleting the known lines of BeO from the pattern. 
This pattern has been indexed in the hexagonal 
system with @=7.78 A and c=2.98 A, with the 


indices given in table 2. 


e. BeO-Y,0O,, 


Are fusion studies showed reaction between BeQ 
and Y.O;. All attempts to produce a similar ma- 
terial by solid state reactions at temperatures as high 
as 1,600° C were unsuccessful. Therefore the 
composition as well as the purity of the material are 
not known. Microscopic examination showed bi- 
axial crystals with 2V~90° and indices, a=1.84, 
38 not measured, y=1.85. The X-ray powder pat- 
tern lines are listed in table 2 but it should be noted 
that extraneous lines from impurities introduced by 
the are may be present. This material is obviously 
not isostructural with BeO-AlO, and does not 
appear to have been reported previously. 


f. BeO-In,O; 


Repeated efforts at high and low temperatures, in 
open and closed systems, both with and without water 
present failed to give any evidence for reaction. 
Ensslin and Valentiner [8] reported BeO-In,O; as 
having the same lattice constant as In,Q3. 
Gjessing, Larrson, and Major [8] found no reaction. 
On the basis of the present work it is concluded that 
reaction between the oxides does not occur to 
1,600° C. 

g. BeO-La,O; 


These oxides react: readily in the are. Solid state 
reactions may be carried out at 1,300° C and indicate 
that the product is probably 2BeO-La,O;. Micro- 
scopic examination shows biaxial crystals with 
2V ~90° having indices, a=1.995, 8 not measured, 
y—2.047. X-ray powder pattern lines are given in 
table 2. 
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h. BeO-Cr,O; 


addition to the compound BeO-Cr.O, the 


In 


question of a 1:3 compound analogous to BeO-3 ALO; | 


was investigated. Evidence was found that only 
the 1:1 compound was formed, X-ray 
showing lines for BeO-Cr,O, and Cr,QO, only. 


i. BeO-Fe,.O 


Several experiments were performed to prepare the 
Beo-Fe,0, analog of BeO-Al,O,; starting from the 
oxides. None were successful. In most instances 
Fe,0, was formed. The question of the existence 
of BeO-Fe,O, from previous work is not clear [{9, 3]. 
However, from the present experiments it appears 
that such a compound does not form from the oxides 
at temperatures up to the liquidus. 


4. Summary 


High temperature reactions of BeO with the R.O; 
oxides have been studied.The compound BeO-Cr,O, 
has been studied in some detail. It is isostructural 
with BeO-ALO, and a continuous of solid 
solutions forms between these compounds. The unit 
cell parameters in the solid solutions show nearly 
ideal behavior. BeO-Cr.O, is a semiconductor. 


series 
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patterns | 


Compound formation was verified between BeO 
and the following oxides: BO, Ga.O;, Y.O;, and 
La.OQ;. Powder X-ray diffraction patterns are given 
for all compounds and that for BeO-2Ga.QOy, is indexed 
in the hexagonal system. No reaction was observed 
between BeO and Se.O3, Ins,O., and Fe.Qs. 


The authors thank Mrs. Eloise Evans for indexing 
the BeO-Cr.O, X-ray pattern. 
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Uranium-Platinum System 
J. J. Park and D. P. Fickle 


(August 31, 1959) 


The phase diagram of the uranium-platinum system was constructed from data ob- 
tained by thermal analysis, metallographic examination, and X-ray diffraction. The sys- 
tem is characterized by four intermetallic compounds: UPt, formed peritectoidally at 961° 


‘ 


C; UPts, formed peritectically at 1,370° C; 


UPt;, formed peritectically at 1,460° C. 


UPts, melting congruently at 1,700° C; and 
One euteetic occurs at 1,005° C and 12 a/o plat- 


inum, and a second at 1,845° C and 87.5 a/o platinum. The maximum solubilities are 4.5 
a/o uranium in platinum and 5 a/o platinum in gamma-uranium. Platinum lowers the 
gamima-beta uranium transformation to 705° C and the beta-alpha transformation to 589° C. 


1. Introduction 


The study of the uranium-platinum system, re- 
ported herein, represents the completion of the 
initial phase of a program designed to establish the 
binary phase relationships between uranium and the 
platinide metals; the data from these studies will be 
correlated in the light of modern alloy theory, as an 
extension of earlier efforts in this field [1].!.) The 
data upon which this proposed uranium-platinum 
diagram was constructed were obtained primarily 
from thermal analvsis, X-ray diffraction, and metal- 
lographie studies. 


2. Previous Work 


A survey of the literature up to 1948 revealed that 
information on the constitution of the uranium- 
platinum system was meager [2]. A| more recent 
compilation of the literature by Saller and Rough [3] 
in 1955 reported the unpublished information that 
the UPt, compound had the hexagonal C-36 type 
MeNis structure. It was also claimed that the beta 
uranium phase had been retained at room tempera- 
ture by quenching allovs of low platinum content. 
Heal and Willams [4] later reported the compound 
UPt,; however, their investigation was limited to 
preparing this particular compound. 


3. Preparation and Analysis of Alloys 


The component metals consisted of uranium of 
about 99.9 percent purity (Mallinekrodt biseuit) and 
99.5 percent pure platinum sponge The platinum 
sponge was compressed into small pellets with a 
hvdraulic press prior to preparing the charge. 

Alloys in the range 0 to 45 a/o platinum were in- 
duction melted under vacuum using beryllia eruci- 
bles. Because an alloy of 54.8 a/o platinum showed 
evidence of reaction with the refractory, alloys in the 
composition range of 45 to 99.5 a/o platinum were 


Figures in brackets indicate the literature references at the end of this paper 
Spectrochemical analysis of platinum: 0.01 to 0.1 percent of Pd and Be; 0.001 
to O.OL percent of Au: 0.0001 to 0,001 percent of Ca, Mg, and Si: and 0,000] 


percent of Cu (all percentages by weight 


prepared by are melting under an atmosphere of 
helium. However, additional melts showed that al- 
loys of greater than 75 a/o platinum did not react 
with beryllia crucibles. 

Chemical analyses were made for one constituent 
on the as melted alloys. When determining the 
platinum content, alloys containing less than 6 a/o 
platinum were assayed spectrophotometrically, and 
allovs containing more than 6 a/o platinum were as- 
saved gravimetrically. The uranium determinations 
were made spectrophotometrically for alloys with 
less than 12 a/o uranium and volumetrically for al- 
loys containing more than 12 a/o uranium. The 
difference between the nominal and analyzed com- 
positions was small, being less than 0.5 w/o when the 
allovs were prepared by are melting and less than 
this when induction melted. The compositions of 
the alloys used in this investigation are given in 
table 1. 


4. Procedures 
4.1. Thermal Analysis 


Thermal arrests were determined from time- 
temperature curves, the samples being heated im a 
molybdenum-wound resistance furnace. The acces- 
sory apparatus included an electronic controller to 
maintain uniform heating and cooling rates and an 
electronic recorder to plot automatically the heating 
and cooling curves. The thermal curves were 
obtained from specimens weighing approximately 
100 ¢, heated and cooled under vacuum (about 10) 
at a rate of approximately 3° C/min. A_ nickel 
evlinder, which was origmally used as a_ thermal 
reservoir, limited the maximum temperature to 
about 1,400° C; a molybdenum eylinder was later 
used as a thermal reservoir. The maximum tem- 
perature of the furnace was about 1,550° C.  Tem- 
perature determinations were made with an annealed 
Pt versus Pt-10 percent Rh thermocouple, com- 
pared prior to use against a reference thermocouple 
calibrated at NBS. Under experimental conditions, 
temperature measurements are estimated to be accu- 
rate to £2° C. 
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PaBLeE 1. Chemical composition of the uran tum-platinum 
alloys 
Alloy No Uranium Platinum 
Wr, Wwe fromic (% 

Pp-1 as 0.2 0.25 
p-2 aut 4 5 
P-25 99. 3 7 ) 
P-16 99.0 1.0 2 
P-17 YS. 1 1.9 2:3 
P-26 95.49 ‘9 5.0 
P-15 94. 8 7.0 
P40 01.7 8.3 100 
P-39 SYS 10. 2 12.1 
P-13 SY. 0) 11.0 13.1 
P-18 85.0 15.0 7 7 
Pp-4 83.7 16.8 19.2 
P-20 71.9 28. 1 32.3 
Pp-19 69,7 290.3 334.) 
P-37 H5.8 34.2 39.0 
P-24 60.1 34,9 7 
P-27 9. 1 14.4 i) 
P-12 “| 14.0 4.5 
P-3 1). 4 3 ¢ SN 
P-30 14.8 » wo. 4 
P-11 41.0) 4) 63.7 
P-3s 38.0 62.0 66. 7 
P-28 36.2 H3.8 bs. 2 
P-10 IQ 4 ¢ 74. 
P-31 2s. 4 71.6 76.0 
P-32 23. ¢ 76. 4 SOLO 
P-21 23.1 76.4 SO. 3 
P-9 21.2 TSS S2.0) 
P-33 20.3 TY. 7 82.8 
P-22 20. 2 79.8 83.0 
P-34 IS SI] “4 
P-23 16. 2 SSN SH. 3 
P-14 13.6 si. 4 AS. ft) 
P-sS 9.1 0.9 24 
P-24 6.5 ] 1.¢ 
P-7 14 ‘ tid 


The thermal arrests of all allovs were derived from 
the cooling curves. When determining liquidus 
temperatures in allovs of greater than 74.6 a/o 
platmum above 1,500° C, thermal analvses were 
made im an induction furnace under vacuum, and 
temperature measurements were made with an 
annealed molybdenum-tungsten thermocouple con- 
tained in a bervlhia protection tube. This thermo- 
couple was calibrated against the melting point of 
the platinum sponge; it is believed to be accurate 
to within £10° C under the experimental conditions. 
For these determinations, a premelted alloy was 
remelted by induction so that the thermocouple and 
its protection tube could be inserted from above. 
A cooling curve was obtained on an electronic 


recorder while the decrease in) temperature was 


achieved by reducing the input to the converter 


gradually and uniformly by means of a motor-driven 
gear and chain drive. 

Thermal analyses of allovs in the range 0 to 45 
and 75 to 100 a/o platinum were made with the 
allovs contained in bervilia crucibles. Since allovs 
in the range 45 to 75 ao platinum sometimes showed 
a reaction with the bervllia crucibles, thermal 
analyses on these allovs were made with the samples 
resting on either thoria or beryvllia plates and heated 
by induction. Whenever metallographic observa- 
tion indicated that contamination was excessive, 
the results were discarded. For some of the high 
temperature determinations, a filament furnace in 
which the specimen was heated by its. electrical 


resistance was emploved, with temperatures being 
determined with an optical pyrometer to an accuracy 
of £10°C. Values thus obtained with no possibility 
of contamimation by a crucible were considered to be 
reliable data. Only one temperature determina- 
tion, either the melting point or the decomposition 
temperature, could be made with the optical py- 
rometer. The observed temperatures were used, no 
correction being made for the emissivity of the 
specimens, 


4.2. Metallographic Analysis 


The specimens for metallographic analysis were 
mounted in Bakelite and then rough ground on a 
series of silicon carbide papers, the final paper beng 
000 grit. The specimens were then finished on a 
wet broadcloth lap with either levigated alumina 
or with I-« diam diamond powder as the abrasive. 
In many instances, the urantum-rich allovs required 
a final electrolytic polish; the electrolytic solution 

}) parts orthopbosphoric acid, 8 parts 
This 


sec 


consisted of 5 
ethylene glycol, and 8 parts ethyl alcohol. 
final polish required 3 to 6 Immersions of 15 
each at 30 v and 10 amp/em?’. 

The structures of the uranium-rich allovs were 
developed by electrolytic etching consisting of 2 to 
4 immersions of 10 see each at 5 v and 1 amp/em? 
ina 10 percent chromic acid solution, Alloys in 
the range 50 to 75 a/o platinum exhibited a high 
degree of resistance to chemical attack. Immersion 
periods as long as 5 min in an aqueous solution of 
60 percent nitric acid were often required to obtain 
a satisfactory etch. Some platinum-rich allovs were 
etched by immersion in aqua regia, but, as— this 
reaction was not easily controlled, an electrolytic 
etching method was developed using alternating 
current and a solution of 5 percent sodium cyanide 
and employing 2 to 4 immersions of 20 see each at 10 
v and 10 amp em’. 

All of the alloys were homogenized prior to quenek- 
ing from various temperatures for subsequet t 
metallographic examimation. The samples were 
sealed, under helium atmosphere, in high-silica glass 
tubes, homogenized for 8 days at temperature, and 
furnace cooled. Allovs in the composition range 
0 to 55 ao platinum were homogenized at 800° C, 
those in the range 55 to 75 a/o at 950° C, and those 
in the range 75 to 99.5 a/o at 1,000° CC. The exemi- 
nation of samples from the mitial heat treatments 
revealed that, in the composition range of 55 to 65 
vo platinum, a large amount of contamination from 
the silica tubing had occurred. To avoid this, 
allovs for subsequent heat treatment were wrapped 
in molybdenum sheet prior to sealing in the. siliea 
tubing: no molybdenum contamination was detected 
by chemical tests. The bomogenized specimens 
were subsequently sealed individually in: silica’ tub- 
Ing, reheated to selected temperatures, and quenched 
In ice water, using the nickel-block technique [5]. 
Quenching temperatures were measured with a Pt 
versus Pt-10 pereent Rh thermocouple, previously 
calibrated against a standard thermocouple, which 
under the experimental conditions was accurate to 
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+2° (. In determinmeg the solubility of platinum 
in uranium, the specimens were heated into the 
gamma range, then cooled to the desired tempera- 
ture, and quenched. When quenching to determine 
the solidus line, the samples were quenched from 
the highest temperature attamed. To determine 
the uranium solubility. im platinum, homogenized 
specimens were heated to above 1,250° C_ before 
cooling to the quenching temperature. For tempera- 
tures above 1,250° C, the specimens were quenched 
when the desired temperature was attamed on 
heating. 

Because several of the phases were observed to be 
optically active, the phase boundaries were located 
by using polarized light. The alloys were examined 
under crossed Nicols and the characteristic extine- 
tions of each of the various phases observed. In 
some cases, no extinctions were observed when the 
stage of the microscope was rotated through 360°. 
In others, when the stage was rotated through 360°, 
two extinctions were observed and the phase was 
designated as two-fold active. In still other instances 
four extinctions were apparent as the specimen was 
rotated through 360°, and this phase was designated 
as four-fold active. 


4.3. X-Ray Analysis 


The specimens which were used for the metallo- 
graphic studies were subsequently placed in an X-ray 
diffractometer, and their room temperature diffrac- 
tion patterns obtained by the use of either Cu-Ka or 
Co-Ka radiation. Powder patterns and film tech- 
niques were subsequently employed to supplement 
the diffractometer data. By the application of these 
techniques, and the utilization of the disappearing- 
phase method of analysis, it was possible to approxi- 
mate the composition at which phase boundaries 
occurred. These results were then correlated with 
the thermal and metallographic data. 


4.4. Hardness Determinations 


The hardnesses of the various microconstituents 
were determined by the static indentation method, 
using a Bergsman hardness tester. The applied load 
ranged from 1 to 10 ¢@, with an indentation time of 
10 sec, and measurements were made at 750. The 
results were then converted to diamond pyramid 
hardness (DPI), kg/mm?. 


5. Results 
5.1. Thermal Analysis Data 


The results of the thermal analvses are given in 
table 2, with the ‘arrest points,’ as determined from 
cooling curves, listed. These data indicate that addi- 
tions of platinum to uranium lower the melting points 
of uranium alloys to a projected minimum of 1,005° C 
at about 12 a0 platinum. From this point, the melt- 
Ing points of the uranium-platinum allovs rise to a 
maximum of 1,700° Coat 75 ao platinum. From 
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TABLE 2.—Summary of thermal data 


Composi- S! 
tion i o Pt Chermal arrests 


a. Pt versus Pt—10°% Kh thermocouple 


Liquidus U Pts Eutectic UPt 78 BOa 
| CS C °C ns Oy °C °C 
0.0 | 1131 767 657 
25 1131 . 759 599 
eT 1120 759 589 
1.2 1110 741 588 
2.35 1102 715 589 
5.0 1098 703 597 
7.0 1072 705 596 
10.0 1043 996 697 | 579 
12.1 1005 1005 961 702 563 
13.1 1020 999 ¥ 706 590 
Ri 1051 1009 705 583 
19.2 | 1066 1005 967 704 567 
32.3 | 1222 1002 959 708 | 576 
33.6 1239 1009 963 709 571 
39.0 | 993 953 689 591 
44.7 | 1385 1030 963 734 | 
84.5 | 1481 1460 1340 
86.3 | 1336 
b. Optical pyrometer 
39.0 1310 | 
19.8 1415 
54.8 1515 
60.4 1385 
68, 2 1360 
74.6 1700 
c. W-Mo thermocouple 
80.3 1655 
8&2. 0 1548 1455 
82.8 1525 1458 
SS. 6 1545 1360 
94.6 1550 1363 
6. 4 1660 
99. 5 1760 


« Liquidus or reaction temperature. 


this maximum the liquidus temperatures drop rapidly 
to an indicated low of 1,345° C at about 87.5 a/o 
platinum and then rise rapidly to the melting point 
of the platinum sponge at 1,760° C. 

The transformation temperatures of the allotropic 
forms of uranium were affected by the addition of 
platinum. The gamma-beta transformation tem- 
perature of uranium was lowered from 762° C to 
705° C by the addition of platinum. This arrest 
temperature was fairly constant for alloys containing 
from 5 to 33 a/o platinum. The beta-alpha trans- 
formation temperature was similarly lowered from 
657° C to 589° C in the composition range of 0.5 to 
13 a/o platinum. <A suppressing effect was noted in 
vllovs containing from 13 to 33 a/o platinum, result- 
ing in the beta-alpha transformation sometimes 
occurring as low as 567° C. Greater variation in the 
beta-alpha uranium transformation temperature than 
in the gamma-beta uranium transformation tempera- 
ture is evident from the thermal analysis data. 
These data may indicate the greater likelihood of 
retaining the beta- rather than the gamma-uranium 
phase on quenching. 

In the composition range of 0 to 75 a/o platinum, 
liquidus determinations show that the melting points 
of the allovs decrease from 1,131° C to about 1,005° 
( over a composition range of 0 to 12 a/o platinum. 








The arrest at about 1,005° C occurred in alloys 
containing up to 33.6 a/o platinum, thus being in- 
dicative of a eutectic reaction. A second reaction 
horizontal was similarly observed to occur near 9615 
C in alloys containing up to 44.7 a/o platinum, thus 
indicating the solid state decomposition of an inter- 
metallic compound. <A third horizontal was ob- 
served at about 1,.370° C in alloys of 60.4 and 68.2 
a/o platinum, and this was considered to be indicative 
of the formation of a second intermetallic compound. 

The melting point of the 75 a/o platinum phase 
was estimated to be 1,700° C, which was the approxi 
mate melting point of a 74.6 a/o platinum alloy as 
determined from optical pyrometer measurements. 

In the composition range of 75 to 84 a/o platinum, 
the eutectic horizontal at 1,345° C was not observed, 
although a peritectic reaction was detected near 
1,460° C. An alloy of 84.5 a/o platinum developed 
thermal arrests at 1,340°, at 1,460°, and at its 
melting temperature of 1,481° C, thus indicating 
that the alloy must lie in the eutectic field adjoining 
the terminal solid solution field but still be below the 
peritectic horizontal. An alloy of 82.8 a/o platinum 
did not develop the eutectic arrest, but it did show a 
definite arrest at 1,458° C, thus indicating that a 
phase boundary must lie between the 82.8 and 84.5 
ao platinum compositions. 

In the composition range of 75 to 100 a/o platinum, 
the minimum located near 1,345° C was determined 
to be due to a eutectic reaction, inasmuch as a 
thermal arrest was observed in allovs having nominal 
compositions in the range 84.5 to 94.6 a 0 platinum. 
No other arrests were observed below this tempera- 
ture in this composition range. 

The eutectic horizontal at the platinum-rich end 
was located by quenching techniques, using an allos 
of 88.6 platinum-—the approximate eutectic 
composition. While this alloy showed no fusion at 
1,340° C, it both fused and shattered on quenching 
from 1,350° C. This behavior established the fusion 
temperature within the range observable in’ this 
procedure, and thereby confirmed the results of 
thermal analysis of allovs of 84 to 95 percent. 
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5.2. Microstructures of the Alloys 


The microstructures of alloys containing less than 

5 a/o platinum varied appreciably depending on 
quenching temperature, and thus served to indicate 
the solubility variations in the several allotropic 
phases of uranium. The microstructure of the 5.0 
a/o platinum alloy aided in determining the approx- 
platinum = in 


‘ 


imate maximum solid solubility of 
camma-uranium, for when quenched from 720° (¢ 
the structure of this 5.0 a/o platinum alloy was two 
phase (fig. la The second phase was observed to 
be spherodized at 990° C and had almost entirely 
disappeared, thereby indicating that this composi- 
tion closely approximated the limit of solid-solubility 
of platinum in gamma-uranium. Thus it was con- 
cluded that the limit of solubility at the eutectic 
temperature was approximately 5 a/o platinum. 
The alloy of 2.35 a/o platinum varied in appearance 


according to the quenching temperature. For 


example, the structure of a  slowly-cooled sample 
(3° C/min) was two-phase (fig. 1b); whereas quench- 
ing from 590° © produced what appeared to be a 
transition structure, and quenching from 700° @ 
produced a structure which appeared to be almost 
entirely of the eutectoid type (fig. le). Further- 
more, the structures of samples of this alloy quenched 
from temperatures of 720° C and above were of the 
solid solution type. It therefore appears that this 
composition (2.35 a/o platinum) closely approaches 
the eutectoid of the gamma decomposition, 

The beta-uranium solvus was located approxi- 
mately by quenching experiments. A 1.2. a/o 
platinum alloy, when quenched from 590° @, 
revealed what appeared to be a eutectoid decom- 
position (fig. ld) but became a single phase strue- 
ture when quenched from 600° C (fig. le). On the 
other hand, the 2.35 a/o platinum alloy was two- 
phase both at 590° C and at 700° C, thus locating 
the beta solvus between these two compositions. 
The room temperature solubility of platinum in 
uranium was shown to lie between 0.9 and 1.2 a/o 
platinum (figs. If, ¢@). Even though thermal analysis 
indicates that the platinum solubility in alpha- 
uranium may be below 0.5 a/o, consideration of 
homogenized and alpha-quenched specimens  indi- 
eates the higher solubility of between 0.9 and 1.2 
Fe) platinum. 

The solidus line in the uranium-rich field) was 
located by quenching techniques. An alloy of 1.2 
ao platinum showed evidence of melting in the 
temperature range between 1,060° C and 1,090° C, 
For an alloy of 2.35 a/o platinum the solvus lies 
between 1,050° C where solid solution was evident 
and 1,075° C, where fusion occurred. 

Metallographic evidence for the eutectic temper- 
ature was sought by using a 13.1 a/o platinum alloy 
which was estimated to be near the eutectic com- 
position, A sample of this composition, on being 
quenched from 1,000° C, showed a eutectic structure 
while another such sample, quenched from 1,010 °C, 
showed partial fusion, thus bracketing the eutectic 
horizontal within +5° C at 1,005° C, 

The homogenized specimens in the composition 
range of 0 to 50 a/0 platinum showed an increasing 
amount of second phase with increasing platinum 
content. The two phases present in the homogen- 
ized 33.6 a0 platinum alloy and their relative 
amounts indicated that no compound of 33.5 a/o 
platinum exists. Both of the phases were optically 
active with the terminal solid solution showing four- 
fold activity and the second phase showing twofold 
activity under polarized light. The microstructure 
of the 49.8 a/o platinum specimen was practically 
single phase (fig. Ih). In view of the structures 
observed in the two ranges of 0 to 49.8 a/o platinum 
and of 49.8 to 60.4 a/o platinum, it was concluded 
that a phase existed at the apparent composition of 
UPt. 


The metallographic and thermal data for the 


uranium-rich alloys have been summarized in 
figure 2. 
Instead of the expected two-phase structure, 


alloys in the range of 55 to 64 a/o platinum showed 
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PiGURE 1. Microstructures of uranium-platinum alloys. 


in chromic acid; e, d, e, f, g were electropolished in solution of orthophosphorie acid, ethylene glycol, 


Alloy of 5.0 a/o platinum, quenched from 720° C, UPt in uranium matrix. 500 
Alloy of 2.35 a/o platinum, after thermal analysis, UPt in uranium matrix. 1000 


Alloy of 2.35 a/o platinum, quenched from 700° C, UPt in uranium matrix. 200. 


Alloy of 1.2 a/o platinum, quenched from 590° C, UPt in uranium matrix. 100 

Alloy of 1.2 a/o platinum, quenched from 600° C, uranium solid solution, 500. 

Alloy of 0.9 a/o platinum, homogenized, uranium solid solution <x 100 

Alloy of 1.2 a/o platinum, after thermal analysis, UPt in uranium matrix. Polarized light. 


Alloy of 49.8 a/o platinum, uranium in UPt matrix. 200 
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and ethyl! alcohol; bh was not etched. 
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Uranium-rich section of uranium-platinum phase 
diagram. 


FIGURE 2. 


indicates single phase alloy, @ indicates two phase alloy, @ indicates fusion 


+ indicates thermal arrest. 


a single phase structure after homogenization. 
However, quenched specimens in this range showed 
increasing amounts of silica contamination upon 
quenching from higher temperatures. Since alloys 
in this range had also showed a reaction with beryllia 
when induction melted, these alloys were protected 
from contact with silica by molybdenum. sheet. 
After homogenization these alloys then showed two 
phases, consistent with their ‘as cast’? structure. 
In addition, the X-ray patterns were also consistent 
with the observed microstructures and indicated no 
apparent molybdenum contamination. 

The two phase structures occurring in the alloys 
between 50 and 75 a/o platinum showe xd one optically 
inactive phase, one that revealed twofold optical 
activity, and one that revealed fourfold optical 
activity under polarized light. In the alloys be- 
tween 50 and 64 a/o platinum the phase of twofold 
activity (UPt) and an optically inactive phase were 
present, and the alloys in the range of 68.2 to 74.6 
a/o platinum contained an optic ally inactive phase 
and one of fourfold activity. The presence of the 
phase having no optical activity was interpreted to 
signify that a new homogeneous “field” was to be 
encountered between 63.7 and 68.2 a/o platinum. 
The distribution of the constituents of the micro- 
structures indicated the phase boundary to have the 
apparent composition of UPt,. In confirmation of 
this, a single phase structure was developed In an 
alloy of 66.7 a/o platinum (fig. 3a) when heated by 
its own electrical resistance to about 1,350° C, thus 
serving to substantiate the existence of the UPt, 
compound. 


* san) 


of uranium tn platinum is approximately 4 a/o. 


In the composition range of 75 to 96 a/o platinum 
three phases were identified. However, alloys in 
this range reacted readily with silica tubing and 
consequently had to be protected with beryllia dur- 
ing quenching studies. Alloys in this range also 
exhibited varying degrees of optical activity under 


polarized light. The structure of the alloy at 74.6 
a/o platinum consisted almost entirely of a single 
phase having fourfold optical activity (fig. 3b), thus 


apparently ‘indicating the existence of the UPt; 
phase. Alloys in the composition range 84 to 95 
a/o platinum were two phase, consisting of the 
terminal solid solution which was not active under 
polarized light and a second phase which displayed 
twofold activity under polarized light. The 84.5 
a/o platinum alloy showed an active and an inactive 
phase under polarized light, and it consisted pre- 
dominantly of the active phase. The 80.0 a/o 
platinum alloy consisted of two phases both of which 
were active under polarized light, one being twofold 
and the other fourfold active. In view of this, it 
was concluded that an intermetallic compound must 
be located between 80.0 and 84.5 a/o platinum; of 
the two possible compound compositions in this 
range, UPt, and UPt;, that of UPt, must be elimi- 
nated since the 80.0 a/o platinum alloy definitely 
consisted of two phases. Also, since an alloy of 
82.8 a/o platinum was predominantly single phase 
(fig. 3c) and showed twofold activity under polarized 
light, it would seem to indicate proximity to the 
nominal phase composition. Thus the existence of 
the UPts; (83.3 a/o Pt) phase was postulated, and its 
existence persisted to at least 1,340° C, as indicated 
from observation of quenched specimens. In the 
range of 75 to 83.3 a/o platinum (UPt; to UPt;) only 
two phases were observed, both being optically 
active. 

The solid solubility of uranium in platinum was 
ietermined by metallographic observation of alloys 
containing more than 94 a/o platinum. An alloy 
of 96.4 a/o platinum was entirely single phase (fig. 
3d) whereas a 94.6 a/o platinum alloy showed 
small amount of second phase, from which it may 
be concluded that the room temperature solubility 
At 
elevated temperatures the 96.4 a/o platinum alloy 
was single phase up to the maximum quenching 
temperature of 1,340° C, and the 94.6 a/o platinum 
alloy contained two phases to the same temperature. 
Thus, these quenching experiments indicate that the 
solvus lies between 94.6 and 96.4 a/o platinum up to 
1340° C 


5.3. Microhardness Results 


Microhardness tests were made to assist in the 
differentiation between the various constituents In 
the several fields occurring in the urantum-platinum 
system (table 3). 

Hardness data provided additional evidence which 
helped to clarify the peculiarities noted in an alloy 
of 54.8 a0 platinum. After homogenization in silica 
tubing, samples of this alloy showed a single phase 
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Figure 3. Microstructures of uranium-platinum alloys. 


Specimens a, d were etched in sodium cyanide; b, ¢ were not etched. 
i. Alloy of 66.7 a/o platinum, UPt2 phase. 100. 


b. Alloy of 74.6 a/o platinum, U Pt 


phase. Polarized light, & 500. 


c«. Alloy of 82.8 a/o platinum, U Pts; in a matrix of UPts. XX 500. 
d. Alloy of 96.4 a/o platinum, platinum terminal solid solution. XX 250 


TABLE 3. Hardness of phases in uranium-platinum alloys 


Diamond pyramid 
hardness 4 


Uranium solid solution 425 

UPt 385 

U Pte 905 

UPt 105 

UPt 1G 

Platinum solid solution 250 
*® Average of 5 or more determinations 


having a diamond pyramid number of 565. However, 
after homogenization using a protective molyb- 
denum sheet, the samples exhibited two phases 
having hardnesses of DPH 419 and 822 which were 
comparable to the hardnesses of the two phases 
present in this alloy after a thermal analysis run. 
The hardnesses of phases in allovs containing from 
33.6 to 74.6 a0 platinum served to substantiate the 
conclusion that the allov-refractoryv reaction resulted 
- the peculiarities noted in the 54.8 a0 platinum 
aoyv, 


5.4. X-Ray Data 


X-ray diffraction patterns were obtained from the 
same specimen surfaces that were used for the metal- 
lographic examinations, and the data obtained were 
correlated with the microstructures. The charac- 
teristic d-values of the intermetallic phases are listed 
in table 4. The allovs in the composition range 
75 to $5 a/o platinum were very brittle and could be 
readily crushed to powder; hence, camera techniques 
were employed to supplement the diffractometer 
data. 

X-ray patterns were analyzed and compared with 
the known diffraction patterns for uranium [6, 7, 8], 
with the pattern for platinum [9], and with the 
reported UPt; pattern [8]. 

The diffraction patterns for the homogenized 
specimens in the range of 0 to 49.8 a/o platinum 
showed, with increasing platinum content, decreasing 
relative intensity of lines and in the number of lines 
attributable to the terminal uranium phase, as well 
as in the appearance of additional lines which could 
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TABLE 4. N-ray diffraction data of uranium-platinum inter- 
metallic compounds 
UPt U Pte UPt UPt 

d ] d I d I d ] 
1 1 1 1 
2 sO) Mu" 2. 93 M 3. 14 1 2.60 m 
2 at n 2. 33 u mae ru Bee 2 | 
2 65 u 2. 31 u 2. 48 m 2.13 l 
2. 5b pu 2. 26 x 2. 44 8 2.06 u 
2. 36 2. 09 m 2. 21 1.85 / 
2. 28 u 2.038 u 1. 4S ru 1.70 1 
2.18 “ 1. 95 u 1. 43 u 1. 5S 
2. 11 m 1. S4 m 1. 74 m 1.518 n 
200 1 1.77 u 1.69 u 1. 42¢ NW 
1, 92 7] 1. 65 8 1. 435 m 1.173 7 
1,85 ru 1,62 vu 1, 364 1, 131 1 
1.78 u 1.49 u 1. 308 ru 1. O70 ru 
1.72 m 1. 44 u 1, 253 pu 1. 039 1 
1. 66 m 1. 280) n 1. 230 m 1.005 / 
1. 64 m 1. 247 u 1. 223 ul 
1. 56 7] 1. 032 u 1, 206 u 
1. 52 ru 1.013 u 1.115 ru 
1.471 u 0. YS5 ru 1.110 m 
1.415 8 970 vu 1, 052 uM 
1. 385 n 906 u 0. 990 uM 
1. 347 u 942 u 
1.314 u 933 u 
1. 277 ru 425 u 
1. 270 ru y)2 “ 
1. 192 u 
1, 181 m 
1, 166 u 
1. 147 / 
1. 103 ru 
1. 093 “u 
1. OS3 ru 
1, 070 Pu 
1. 043 ru 
1. 006 ru 
0. 99S u 

YTS “ 

O65 u 

O54 au 

GIS u 

a] is intensity; s—strong; m medium; weak; vu very weak, 


not be ascribed to any previously reported com- 
pound, Alloys containing more than 49.8 ao 
platinum had no lines corresponding to the uranium 
phase but did have lines believed to be caused by 
presence of the compound UPt which existed at 
D0 20 platinum. The lines obtained from the UPt 
phase had almost disappeared in an alloy containing 
65.7 ao platinum, and a still different pattern 
attributable to another phase had become apparent. 
In an alloy of 68.2 ao platinum the UPt lines had 
disappeared, being replaced by the lines of a new 
phase. These results indicated the existence of a 
phase containing 66.7 ao platinum, UPt,. An 
allov of 74.6 a/o platinum had lines believed to be 
obtained from UPt, and none that could be assigned 
to either the UPt, or the platinum-rich terminal 
solid solution. As the amount of platinum in- 
creased bevond 75 a/o platinum, the UPt,; pattern 
became weaker, and a new pattern, that attributed 
to the UPt,; phase, appeared. The presence of the 
UPt, phase was indicated in the patterns from alloys 
of up to 82.0 ao platinum. Progressive changes in 
the powder patterns of alloys having 76.0, 83.0, and 
84.5 a0 platinum clearly indicated the presence of a 
compound having the apparent UPt; composition. 
In the range between 84.5 and 96.4 a/o platinum the 
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characteristic d-values of the terminal solid solution 
were observed in conjunction with a set of d-values 
Which had also been associated with the UPt. 
values determined by camera techniques, : 

Diffraction patterns were also obtained from alloys 
having essentially a single phase. In most cases the 
patterns exhibited strong, sharp diffraction lines, 
although the pattern from the 49.8 aso platinum 
alloy (UPt phase) was very weak and poorly de- 
fined. No special effort was made to determine 
erystal structures. However, it was apparent that 
the characteristic d-values of the UPt, phase ob- 
tained from these experiments did not coincide with 
the calculated values for the proposed UPt, com- 
pound [3]. The discrepancies may be attributed to 
the different methods of preparing the samples. 

The solid solubility of uranium in platinum was 
determined from quenched specimens by means of 
back-reflection X-ray methods. The  film-to-speei- 
men distance was calibrated by using the known 
“reflections” from the 420 plane of silver in the 
powder form. The change of lattice parameter with 
the increase of uranium solubility is positive (table 
5). From these data, the solubility of uranium in 
platinum increases from a value of 4.0 a/o at room 
temperature to a maximum of 4.5 a/o at the eutectic 
temperature. The calculated increase in volume of 
the platinum lattice at the eutectic temperature is a 
maximum of 3 percent. 

The X-ray data obtained from quenched speci- 
mens containing low platinum percentages, 0.25 to 5.0 
ao platinum, were compared with the data for the 
uranium phases. There was no evidence of retention 
of the beta-uranium or gamma-uranium phases in 
the diffractometer patterns. 


TABLE 5. Solubility determination of uranium ain platinum 
Lattice parameters, 1 Resultant 
Quenchin uranium 
temperatu olubility 
4 oP YW4taoPt 94.60/0 Pt 92.4a/o Pt 
( ! 
Room 3. Y2 $455 3. 456 3 G5 10) 
1200 127 4. G5 $+ U4 155 Ria: 
1340 3. O27 3.958 3. G66 3. 967 } 


6. Discussion 


6.1. Uranium Terminal Solid Solution 


The degree of solubility of platinum in uranium 
was determined primarily by metallographic data. 
The microstructures of allovs containing greater 
than 5 ao platinum consisted of two phases when 
quenched from near the eutectic temperature. The 
5.0 a0 platinum alloy quenched from 990° C con- 
tained only a trace of a second phase. Tlence, it was 
concluded that the maximum solubility of platinum 
In uranium at the eutectic temperature was approx- 
imately 5 ao. The structure of a quenched beta 
alloy having 2.35 a0 platinum was typically eutee- 
toid and thus located the gamma-uranium decompo- 
sition, and the structure of this allov quenched from 
the gamma field was typically solid solution. The 
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0.5 a0 platinum alloy was solid solution throughout 
the beta field. However, a 1.2 a/o platinum alloy 
was two phase at 590° C and solid solution at 600° C. 
The 2.35 ao platinum alloy was two phase both at 
590° C and at 700° C. Henee, the maximum solu- 
bility of platinum in beta-uranium lies between 1.2 
The room temperature solubility 
lie between 


ao and 2.35 ao. 
of platinum in uranium was shown 
0.9 and 1.2 a0 platinum. 

X-ray data of alloys containing up to 5 a/o plati- 
num, obtained from quenched specimens, gave no 
conclusive evidence of the retention of beta- or 
gamma-uranium, as previously reported for this 
system [3]. 


6.2. Uranium-UPt, Eutectic 


Thermal analy sis data indicated a decrease in the 
melting point of uranium alloys to a minimum at 
approximately 1,005° C at about 12 a/o platinum. 
The existence of a reaction horizontal was noted by 
thermal analysis of allovs in the composition range 
of 10 to 39 a/o platinum. A metallographic survey 
of quenched alloys in the composition range of 5 to 
50 a0 platinum indicated the existence of a eutectic 
horizontal at approximately 1,005° C. The applica- 
tion of lever analvsis to the distribution of the micro- 
constituents indicated the placement of the eutectic 
point at about 12 a/o platinum. Based on these data, 
it was concluded that a eutectic between the termina! 
solid solution and UPt, exists at an apparent compo- 
sition of 12 ao platinum at a temperature of 1,005° C. 


6.3. UPt Phase 


Thermal analysis data show the presence of the 
arrests Characteristic of the allotropic transformations 
of uranium in the composition range of 0 to 45 a/o 
platinum, and the data fail to show the presence of 
these arrests in allovs in excess of 50 a/o platinum. 
Also, when this information is coupled with the pres- 
ence of an arrest at 961° C, it must be considered 
indicative of a compound formed by a peritectoid 
reaction at 961° C and 50 ao platinum. Since the 
19.8 ao platinum alloy was essentially single phase 
after homogenization while the 33.6 a/0 and 39.0 a/o 
platinum allovs were definitely two phase, the most 
likely Composition for a compound was in the 1 to | 
atomic ratio. X-ray techniques utilizing the dis- 
appearing phase method also indicate the presence 
of a phase boundary at 50 a/o platinum. Observa- 
tions of the specimens under polarized light indicated 
two active phases in the 0 to 50 ao platinum range 
and only one active phase in the field between 50 
and 66 a0 platinum. Based on all these data, it 
was concluded that the compound formed peritec- 
toidally at 961 has the apparent composition of 
UPt. 

6.4. UPt. Phase 


X-ray data for allovs in the range 55 to 75 ao 
platinum indicated the presence of a phase in the 
vicinity of 67 ao platinum. The increasing strengths 
of certain diffraction lines and the comparison of 
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the d-values for the UPt and UPt; phases permitted 
the separation of the pattern for the UPt, phase. 

The microstructures of the alloys in the composi- 
tion range 66 to 75 a/o platinum contained two 
phases, one of which showed fourfold activity under 
polarized light and a second which was not active. 
This differed from two phase alloys in the 50 to 66 
ao platinum composition range, for these showed 
one constituent very strongly twofold active and a 
second constituent not optically active. Thus the 
metallographic data indicated a change of the phases 
being located near 67 a/o platinum. The single 
phase microstructure developed in a 66.7 a/o plati- 
num alloy heated by its own electrical resistance 
completely substantiated the conclusion that the 
UPt, phase was present. 

In view of these data, it was concluded than an 
intermetallic compound UPt, exists and thermal 
analysis data indicate that it is formed peritectically 
at 1,370° C. 


6.5. UPt; Phase 


The alloy having 74.6 a/o platinum had a melting 
point of 1,700° C, the highest observed in the melt- 
ing point gp orl Precio This was indicative of a 
congruently melting compound situated near the 75 
a/0 platinum composition. The X-ray data revealed 
that a phase boundary should exist at 75 a/o plati- 
num, for the data showed that one specific pattern 
became easily identifiable as the 75 a/o platinum 
content was approached. The essentially single 
phase microstructure of a homogenized 74.6 a/o plat- 
inum alloy indicated a possible phase boundary. In 
addition, a change of optical activity under polarized 
light was apparent near the 75 a/o platinum compo- 
sition. In view of these data, it was concluded 
that UPt,, a congruently melting compound, exists 
in this system. 


6.6. UPt; Phase 


Allovs in the neighborhood of the stoichiometric 
UPt; composition were extremely reactive, being 
contaminated by either silica or molybdenum. 
These reactions completely masked UPt; on the pre- 
liminary survey though certain inconsistent data 
were noted. Protection of the alloys with beryllia 
permitted heat treatment without contamination. 
The compound was eventually located by thermal 
analysis data in that the 82.8 a/o platinum alloy 
did not develop a thermal arrest at 1,340° C while 
the 84.5 a/o platinum alloy did show such an arrest. 
However, both of these allovs did develop an arrest 
near 1,460° C. Metallographic data in the UPt;- 
terminal solid solution field showed that the UPt; 
had twofold activity under polarized light while the 
terminal solid solution revealed no activity. In the 
two phase field of alloys of 75 to 83 a/o platinum 
one of these phases showed swoleld activity, whereas 
the other displaved fourfold activity under polarized 
light. The microstructure of the alloy at 82.8 a/o 
platinum was predominantly single phase and showed 
twofold activity under polarized light. Thus the 








metallographic data indicated the existence of a 
compound at approximately 83 a/o platinum. Both 
X-ray diffractometer data obtained from the metal- 
lographic specimens and the diffraction data obtained 
from unsieved powder specimens indicated, by the 
disappearing phase method, the existence of a com- 
pound at UPt;. This, coupled with the existence 
of a reaction horizontal at 1,460° C, indicated the 
existence of UPts; which forms peritectically at 
1,460° C. 


6.7. Platinum Terminal Solid Solution 


Results of both the X-ray and metallographic 
examinations show that the solvus of the platinum 
terminal solid solution rises very steeply from room 
temperature to the eutectic temperature. The high 
temperatures involved and the economics of plati- 
num alloy studies did not permit more extensive 
alloy preparation with the resultant more precise 
location of the solvus. However, the X-ray and 
metallographic data, coupled with the thermal 
analysis data, locate the solvus within the composi- 
tion range of 94.6 to 96.4 a/o platinum for the tem- 
perature range from room temperature to 1,340° C. 
In view of this, the solubility of uranium in platinum 
is considered to be 4.0 a/o at room temperature, 


A combination of thermal and metallographic 
data fixed the eutectic composition near 87.5 a/o 


platinum and at 1,345° C. 


7. Summary 


The platinum-uranium system (fig. 4) was con- 
structed from data obtained by thermal, metallo- 
graphic, and X-ray analysis. 

This system is characterized by two eutectics, one 
occurring at 1,005° C and a composition of 12 a/o 
platinum and the second at 1,345° C and 87.5 a/o 
platinum; and four intermetallic compounds, one 
formed peritectoidally at 961° C with an apparent 
composition of 50 a/o platinum (UPt), the second 
formed peritectically at 1,370° C with an apparent 
composition of 66.7 a/o platinum (UPt,), the third 
melting congruently at about 1,700° C with an 
apparent composition of 75 a/o platinum (UPt,), 
and the fourth formed peritectically at 1,460° C 
with an apparent composition of 83.3 a/o platinum 
(UPt;). 

The solubility of uranium in platinum is approxi- 
mately 4.5 a/o at the eutectic temperature of 1,345° 
C, decreasing with temperature to about 4.0 a/o at 
room temperature. The solubility of platinum in 












































increasing to 4.5 a/o at 1340° C. uranium is approximately 5 a/o at the eutectic 
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temperature of 1,005° C, decreasing to near 2.35 a/o 
at the gamma-beta transformation; it is less than 
1.2 a/o at the beta-alpha transformation, and_ is 
greater than 0.9 a/o at room temperature. 

The gamma-beta transformation temperature of 
uranium was lowered from 767° to 705° C, and the 
beta-alpha transformation temperature was lowered 
from 657° to 589° C by the addition of platinum. 
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Nitriding Phenomena in Titanium and the 6Al-4V 
Titanium Alloy 


J. R. Cuthill, W. D. Hayes, and R. E. Seebold ' 


(September 21, 1959) 


Nitriding unalloyed titanium in purified nitrogen at 
thick case that consisted of five distinet zones. 


1,800° F produced a uniformly 
The same treatment applied to a 6Al-4V 


titanium alloy resulted in a thinner nitride case that consisted of three zones and elongated 
nitride grains that penetrated into the core at approximately 45 degrees to the specimen 
surface, The aluminum appears to be responsible for the formation of the elongated grains. 
These grains, in turn, appear to be responsible for the nitriding having a more adverse effect 
on the toughness of the alloy than of the unalloyed titanium, as indicated by preliminary 
impact test results. The nitride case on the titanium appears to increase in thickness with 
increase in nitriding time without limit. The nitride case exhibits a hardness equivalent to 


about 77 Rockwell C at the surface down to almost 50 Rockwell C 


1. Introduction 


Titanium is known to have a strong affinity for 
nitrogen and to form a nitride case of high hardness 
when heated in the presence of nitrogen or ammonia. 
However, there has been little previous investiga- 
tion of the effect of metallic alloving elements on the 
morphology of the nitride phase or phases generated 
in the course of the nitriding treatment. This paper 
is concerned primarily with the effect of aluminum 
and vanadium. The morphology of the nitride case 
produced in) commercially pure titanium is com- 
pared with the nitride formations produced in a 
titanium 6Al-4V alloy. The work was carried out in 
the course of a broader program of materials in- 
vestigation for the Navy Bureau of Aeronautics 
regarding an application where good resistance to 
galling and wear between surfaces in sliding contact 
is required, as well as high surface hardness, light 
weight, good salt) water corrosion resistance, and 
good machinabilitv. Wyatt and Grant’s [1]* ex- 
periments indicated that the nitriding of titanium 
did produce a surface with satisfactory properties 
required for the maintenance of surfaces in sliding 
contact. 

Many procedures for surface hardening titanium 
have been tried by previous investigators, including 
carburizing, nitriding, and anodizing [2, 3, 4, 5]. It 
has been generally concluded that nitriding is the 
most promising method for producing a hard, wear- 
resistant surface [6]. There has been somewhat less 
agreement as to the best type of nitriding procedure 
to use. Wyatt and Grant report a preference for 
nitriding in ammonia because they found the nitrid- 
Ing time-and-temperature to be lower than that 
required when using purified nitrogen to produce 
the same case thiekness [4]. On the other hand, 
some investigators are of the opinion that hydrogen 
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at the interface. 


embrittlement of the titanium may be induced 
during nitriding in ammonia [6]. Therefore, in the 
initial phase of this current program, it was decided 
to nitride in purified nitrogen in order to avoid 
any potential complications involving hydrogen 
embrittlement. 


2. Materials 


The Armour Research Foundation [5] investigated 
the effect of various alloy additions on the nitriding 
characteristics of titanium, and reported that vana- 
dium and boron were the only elements found to 
result. in an increased nitriding rate and increased 
ultimate hardness. The 6AI-4V allov, which re- 
cently has come into widespread use, therefore, 
appeared to be of sufficient theoretical as well as 
practical interest to warrant inclusion in the program 
along with commercially pure titanium. 

The chemical compositions and tensile properties 
of both materials, as furnished by the supplier, are 
given in table 1. The material was specified as 
double are melted “aircraft quality’? 0.050-in. thick 
sheet, No. 2 finish. 


TABLE lL. Composition and properties of titanium and 6Al-4\ 
alloy ® 
Titanium 6Al-4V alloy 
Yield strength 
Longitudinal psi 54, 400 128, 000 
‘Transverse psi 53, 500 128, 300 
Tensile strength: 
Longitudinal psi #8, 200 131, 606 
Transverse psi 67, 500 132, 900 
Elongation 
Longitudinal Q 27.0 19.0 
‘Transverse Q 27.0 13.0 
Composition 
© wt & 0. 027 0.01 
Fe wt % . 046 14 
Al wt &% 6.0 
\ wt % 4.1 
N wt % 0. 020 0. 012 
I wt &% 005 . O10 
ri wt ¢ 99.6 89.5 


» Data furnished by manufacturer 








3. Experimental Procedures 


Specimens, approximately %ij¢ in. by 2!, in., were 
cut from the 0.050-in. thick sheet ; all of the specimens 
of each material were cut from the same sheet. The 
edges were milled so as to permit the accurate deter- 
mination of the cross section of specimens used for 
unnotched Charpy-type impact tests. Preparatory 
to nitriding, the specimens were pickled for 15 min in 
the following standard pickling solution [7] at 80° F: 


HNO; 47 parts by volume 
HI 2 parts by volume 
HO 51 parts by volume 


Upon removal from the pickling solution the speci- 
mens were thoroughly washed in tap water and air 
dried. 

Specimens were nitrided at 1,800° F for 4, 16, 24, 
48, 96, or 168 hr, to obtain data on case thickness 
versus time. Figure 1 is a drawing of the nitriding 
furnace. The nitriding chamber was an Inconel 
tube with water-cooled ends. The specimens were 
held in the cool zone at the rear of the nitriding 
chamber until the chamber with its purified nitrogen 
atmosphere was brought up to temperature. Each 
specimen was then individually drawn into the hot 
zone by magnetic attraction acting on the iron bob 
attached to the specimen by means of a fine wire. 
Each specimen, at the end of its preseribed time, 


“Water-pumped” grade nitrogen) was passed 
through a liquid oxygen cold trap to remove water 
and then over titanium turnings at 1,800° F to re- 
move oxygen before entering the nitriding chamber, 
In spite of its strong affinity for nitrogen, titanium 
was used in the getter furnace because of its superi- 
ority in removing oxygen. Fortunately, the oxide 
reaction Is more rapid than the nitride reaction, but, 
more important, the titanium nitride that is formed 
eventually reverts to the oxide. However, to insure 
high efficiency in oxygen removal, the charge of 
titanium turnings was replaced before every run. 

Gas leaving the nitriding chamber was passed 
through a mercury bubble trap and then exhausted 
through a wet-test gas meter, which permitted the 
absolute pressure in the nitriding chamber to be 
maintained anywhere between 1 and 2 atm. How- 
ever, tests early in the program revealed no significant 
difference in nitriding characteristics resulting from 
varying the pressure over this entire range. There- 
fore, the bulk of the specimens were nitrided with a 
pressure of 2 in. of mercury above atmospheric in 
the nitriding chamber. 

More than 300 specimens were nitrided for 48 hr 
in the course of this program. To facilitate nitriding 
of this many specimens a much larger chamber was 
also used. This larger chamber was also of Inconel 
and the same type of gas purifying system was used, 
but of correspondingly larger capacity. The speei- 
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FiGureE 1. 


Schematic diagram of apparatus for nitriding specimens for different lengths of time without opening cham 
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was then rolled into the furnace after the latter was 
up to temperature. At the end of the prescribed 
time, the chamber was rolled out of the furnace and 
allowed to cool to room temperature before the at- 
mosphere was turned off and the chamber opened. 


4. Results and Discussion 


4.1. Microstructure 


The typical structures obtained in titanium and in 
6Al-4V_ titanium allov by nitriding in_ purified 
nitrogen are shown in figures 2 and 3, respectively. 
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Figure 2. Titanium nitrided in purified nitrogen at 1,800° F 
for the lengths of time indicated. 
Etched in 1 part HF (48°), 12 parts HNO, (cone), and 87 parts H2,O x 200 
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The immediately evident difference between the 
metal and the alloy, considering only the gross 
characteristics, is that the metal forms a uniformly 
thick case with a sharp line of demarcation between 
the case and the core, whereas the alloy exhibits 
elongated nitride grains penetrating as far as the 
center of the core, given sufficient time, and with 
the long axes at approximately 45 deg to the surface. 
These elongated grains are below the uniformly thick 
case but frequently exhibit apparently common grain 
boundaries with nitride grains of the surface layer. 
Also, many of these grains show evidence of having 
boundaries coherent with the cube planes of the 





48 hr 


Figure 3. 6Al-4V titanium alloy nitrided in purified nitrogen 
at 1,800° F for the lengths of time indicated. 


Same etehant as for figure 2. XX 200, 








matrix. These elongated grains penetrating into 
the core might be expected to act as stress raisers 
and result in lower impact values. | Preliminary 
results do indicate that nitriding has a more adverse 
effect on the impact properties of the alloy than 
of the unalloved titanium. 

The hardness of the surface film on both materials 
was equivalent to about Rockwell C 77, and decreased 
to approximately C50 at the interface between the 
case and the core. The elongated grains in the allov 
also exhibited hardnesses equivalent to about Rock- 
well C50, in contrast to only about C35 in the 
adjacent matrix. 

Upon closer examination the ‘“‘uniform case” on 
the unalloved titanium (fig. 2) is seen to consist of a 
surface film covering a thicker or principal layer. 
This principal laver is approximately 0.004-in. thick 
and the surface film is about 0.0005-in. thick on 
specimens that have been nitrided for 48 hr. There 
is an abrupt change in etching characteristics at the 
middle of the laver. Nitriding for a longer time 
brings out a sharply defined transition band between 
the upper and lower halves of the laver, as may be 
seen in figure 4 which also shows a microhardness 
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Figure 4. Microstructure and Vickers microhardness indenta- 
tion (50-q load), and corresponding Vickers hardness num- 
bers, across the case on a titanium specimen nitrided 168 hi 
at 1,800° F in purified nitrogen. 

Hardness range corresponds to Rockwell C 77 to Rockwell C 1 

as for figure 2. &* 350 
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traverse across the case. The change in. etching 
characteristics Is not unexpected because the TiN 
structure is retained from the stoichiometric compo- 
sition down to a deficiency in nitrogen corresponding 
to the composition, TiNo.[8]. It might be mentioned 
here that to retain the surface film on specimens 
prepared for metallographic examination, it) was 
necessary to insert sheet plastic between the speci- 
mens before placing the pack of specimens in the 
mounting press for moulding in plastic in the con- 
ventional manner, Also, it was preferable that the 
polishing be done on a wax lap. 

At the interface between the case and the core 
of the unalloved titanium there is a ‘fringe’ of 
each of the nitride grains of the case protruding over 
the prominent boundary of the case into the region 
of the core. That this fringe is actually an integral 
part of the respective grains of the case is revealed 
by polarized light, as will be seen by comparing the 
upper and lower photographs in figure 5. Polarized 
light (lower photograph) also reveals that the case is 
composed of grains of different) orientations but 
generally with each grain’ extending completely 
through the principal laver of the case and including 
the “fringe” at the interface with the core. However, 
the thin surface film is seen to be composed of grains 
separate from those of the principal laver. Figure 6 
isan interference pattern of the same region shown in 
ficure 5, obtained with a Zeiss vertical interferometer 
microscope. The “fringe” of the *thour glass” shaped 
grain is revealed to be below the portion of the grain 
making up the principal layer. Note that the 
scratches, which are vallevs in the specimen surface, 
provide a means of identifving which are high and 
which are low areas in the interferometer patterns. 

Wyatt and Grant [3] concluded that a maximum 
case of approximately 0.004 in. was attained when 
unalloved titanium was nitrided in ammonia. The 
time to produce this maximum was a function of 
the nitriding temperature. If nitriding were con- 
tinued beyond the time required to produce the 
maximum thickness, the was reported to 
actually decrease in’ thickness. They concluded 
that the mechanism responsible for the decrease in 
case thickness was the decomposition of the TiN 
structure at the interface between the case and the 
core and the nitrogen diffusing into the core at a 
faster rate than nitrogen diffused through the TiN 
case to form new case. However, in the present 
investigation, no evidence for a maximum was 
found. As shown in figure 7, the thickness of the 
nitrided case on titanium increased with an increase 
in time at 1,800° F; a thickness in excess of 0.008 in. 
was obtained by nitriding 168 hr. Also it is seen 
that the plotted points fall reasonably well on a 
straight line, whieh indicates that the increase in 
total case thickness with time is a parabolic rela- 
tionship. 

The growth of the elongated nitride grains into 
the matrix of the 6AL-4V titanium alloy at 45° with 
the surface in both directions (fig. 3), appears to be 
associated with the cube planes of a beta phase 
matrix at 1,800° F. With an electron-probe micro- 
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analyzer, vanadium content in these elongated 
nitride grains was found to be only one-half of that 
in the matrix. Furthermore, there was no observ- 
able vanadium composition gradient in the matrix 
in the immediate vicinity of the nitride grains. 
Determinations were made on 18 of the elongated | 
nitride grains in a specimen which had been nitrided 
for 48 hr. On a sample of pure vanadium, 480 | 
counts per second were recorded, and on a sample | 
of pure titanium 66 cps were recorded when the | 
Geiger counter was set on the Vga wavelength. 

Correcting for this background, 22 to 24 cps were 
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Ficure 5. Case and interface between case and core in titanium 
nitrided 48 hr at 1,800° F in purified nitrogen. 
is for figure 2. X 500. Upper: white light. Lower: polarized 
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FIGURE 





6. Interference microscope pattern of same specimen 


as shown in figure 5. 
6 inch difference in elevation. 


One fringe =11.8x 1 
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obtained recording the Vga wavelength on = the 
nitride grains and 44 to 48 eps on the matrix. 

The growth of these elongated nitride grains is 
obviously a function of nitriding time. Nitrogen 
and aluminum are strong alpha stabilizers in titanium 
but vanadium is a strong beta stabilizer. The fol- 
lowing calculation of equilibrium constants suggests 
that the aluminum plays a prominent role in the 
formation of the elongated nitride grains. 

From Kubaschewski and Evans [9], the heats of 
formation, AF, are: 


2V+N.—2(VN) AF 
—83,300+-39.7 T cal/mole (a) 
33,500 eal/mole at 982° © (1.800° F) 
2Al+-N,--2(AIN) AF 
121.000+- 44.5 T (by) 
65,200 cal/mole at 982° C (1,800° F), 
2Ti+ N.—2(TiN) AF 
160,500+ 44.4 7 (c) 
104,750 cal/mole at 982° C (1,800° F). 
However, to give a more realistic comparison, the 


data for aluminum and vanadium should be corrected 
for a 4 and a 6 percent solution, respectively, of 
aluminum and vanadium in titanium. As a ‘best 
approximation,” in lieu of the necessary experimental 
data on these systems, an ideal solution is assumed 
and the free energy of dissolution for the correspond- 
ing atomic percent concentrations, i.e., 10.2 atomic 
percent aluminum in titanium, and 3.8 atomic per- 
cent vanadium in titanium, is computed from the 
relationship 

AF“™—RT \n N 
where, 


AF™=the free energy of mixing cal/mole of solute. 
The expression on the right is really the en- 
tropy of mixing but because the heat of 
solution is zero for an ideal solution, the 
entropy term constitutes the entire free 
energy. 

I??—the gas constant, 1.987 cal/mole deg 
T=the absolute temperature, ° Kx 
N=mole fraction of solute 


At 1,800° F, one obtains for, 


Al-=[10.2 a/o Alj;,, AF 5,700 cal /mole 
and for, 
V [3.8 a/o Vi-:, AF 8,200 cal mole. 


Combining these results with the values given for 


the original reactions, (a) and (b), gives 
2[VJni+N.—2(VN), AF 17,100 (n’) 
2[Al]+,+N.—-2(Al), AF 53,800. (b’) 


Using the relationship between the free cnergy, AF, 
and the equilibrium constant, A, 


AF 


log kK=— _ 
2.30 RT 


The equilibrium constants for the’ formation of VN, 
AIN, and TiN, at 1,800° F, are, 


: 17.100 i 
mearts 4 
Kw LX 10° 
53.800 
log (en | ; ——— y 7 
98 Aain™ T9303 R17 r 
K gr 2.4 X 10° 
104,750 
loge Aaw= == 18,99 
eae 2.303 RT 


Koi 1.7 Fae 

These results imply that the nitrogen would com- 
bine preferentially with the aluminum in respect to 
vanadium, and support the experimental result that 
the aluminum must be largely responsible for the 
development of the elongated nitride grains which 
do not occur in the absence of both the aluminum and 
the vanadium. Furthermore, both the thermo- 
dynamic calculations and the electron probe results 
indicate that the vanadium is not responsible for the 
formation of these nitride grains. Obviously, a 
determination of the aluminum content of the 
elongated grains is needed to confirm or refute this 
conclusion. Such a determination will be made when 
a vacuum spectrometer-equipped electron probe, now 
under construction, becomes available. 


4.2. X-Ray Diffraction Results 


X-ray diffraction patterns were obtained of the 
surface of the titanium and 6AI1-4V alloy before and 
after nitriding, and again after the nitride surface 
laver had been polished off. 

Un-nitrided titanium exhibited the expected alpha 
titanium pattern except that the (002) reflection was 
equally as intense as the (O11), the most intense line 
as reported in the ASTM Index. This is probably 
due to preferred orientation as a result of rolling. 
The pattern from the nitrided surface revealed the 
expected TiN pattern, except that the most intense 
line was also the (002) reflection instead of the (220) 
reflection as given in the ASTM Index, and also an 
extra line corresponding to a “d” spacing of 1.52 A. 
This was the most intense line in the diagram. After 
polishing off most of the nitride layer, this extra line 
had not diminished in intensity although the TiN 
had been reduced drastically and the alpha titanium 
pattern was beginning to appear. 

The alloy, before nitriding, exhibited the expected 
titanium ‘“d’’ spacings, but the relative intensities 


124 


AF 


> 


m- 

to 
hat 
the 
ich 
ind 
no- 
ilts 
the 


the 
his 
en 
Ow 


differ appreciably from those normally expected from 
the pure alpha titanium pattern. There was no 
indication of beta phase. The extra line correspond- 
ing to a “d” spacing of 1.52 A occurred also in the 
pattern of the nitrided alloy surface and in the pat- 
tern of the alloy after the nitrided surface had been 
polished off. 


5. Summary and Conclusions 


Nitriding of unalloved titanium in purified nitrogen 


produced a sharply defined and uniformly thick case | 
which increased in thickness with increase in nitriding | 


time and apparently would continue to increase 
without limit. Five distinct zones could be identified. 


There is no evidence of a maximum case thickness | 


being reached followed by a decrease in case thickness 


with continued nitriding, as reported by other in- 


vestigators who nitrided titanium in ammonia, 
The same treatment applied to a 6AI-4V alloy of 


titanium resulted in a thinner nitride case that con- | 


sisted of three zones and in elongated nitride grains 
that penetrated into the core at approximately 45° 
with the surface of the specimen in both directions. 
The aluminum is indicated to be primarily responsi- 
ble for the formation of the elongated nitride grains. 

The clongated nitride grains, penetrating into the 


core of the alloy at 45 deg to the surface, apparently 
act as stress raisers causing a significant reduction 
in the impact strength of the 6AI-4V alloy. 
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Stability of Silver and Pyrex in Perchloric Acid-Silver 
Perchlorate Solutions and in Conductivity Water 


D. Norman Craig, Catherine A. Law, and Walter J. Hamer 
September 28, 1959 


The stability of mint silver, purified mint silver, and Pyrex fritted crucibles in aqueous 
solutions of perchloric acid, in aqueous solutions of perchloric acid containing silver per- 
chlorate, and in conductivity water at room temperature was determined. The stability 
of the silver in various states of subdivision was studied. The corrosion current-density 
for mint silver in sheet form is 1.1% 10-5 amp em? for 20 percent aqueous solutions of 
perchloric acid, 1.5 10°" amp em? for 20 percent aqueous solutions of perchloric acid 
containing 0.5 percent silver perchlorate, and within the limits of detection is zero for con- 
ductivity water. Pyrex has high stability at 25° C in 20 percent aqueous solutions of per- 
chlorie acid and in 20 percent aqueous solutions of perchloric acid containing 0.5 percent 
silver perchlorate. Finely-divided silver contained in Pyrex erucibles was found to be highly 
stable when the crucibles were filled repeatedly with aqueous solutions of perchloric acid 
containing silver perchlorate, rinsed with conductivity water, and dried at 105° C. These 
observations are important in the determination of the faraday by the anodic dissolution of 
silver in aqueous solutions of perchloric acid which is now underway at the National Bureau 


of Standards. 


1. Introduction 


As part of a program for the determination of the 
faraday at the National Bureau of Standards by 
anodic dissolution of metallic silver in) aqueous 
solutions of perchloric acid it is essential to know the 
extent and rate of solution or the stability of silver 
at room temperature in: (1) Aqueous solutions of 
perchloric acid, (2) aqueous solutions of perchloric 
acid containing silver perchlorate, and (3) condue- 
tivity water. Obviously metallic silver should not 
dissolve or otherwise react with perchloric acid 
solutions at a significant rate if the anodic dissolution 
of silver in aqueous solutions of perchloric acid or of 
perchloric acid-silver perchlorate is to be used in 
accurate determinations of the faraday; otherwise 
the loss in weight of the silver cannot be correlated 
accurately with the quantity of electricity passed 
through the coulometer. Thermodynamic data [1, 2]! 
show that silver does not undergo chemical reaction 
with perchloric acid; the free energy change for the 
postulated reaction is positive and, therefore not a 
spontaneous one. However, thermodyvnamically, sil- 
ver may dissolve in perchloric acid solutions contain- 
ing oxvgen or go into solution as a result of galvanic 
corrosion arising from local anodic and cathodic 
areas on the silver surface or by “air-line”’ corrosion 
in such solutions. Therefore it’ is Important to 
study the rates of these reactions in order to estab- 
lish their effect on the accuracy of the faraday 
determinations I the proposed method. 

During a coulometric run silver is anodically dis- 
solved and silver perchlorate is formed. Therefore, 
the stability of silver in solutions of perchloric acid 
containing silver perchlorate must be determined. 
it the end of this paper 


Figure n brackets indicate the literature references 


Furthermore, at the end of a coulometric run the 
silver anode which remains undissolved must be 
washed free of coulometric solution with conduc- 
tivity water, dried, and weighed. Accordingly, the 
solubility or stability of silver in conductivity water 
must also be determined. 

During the anodic dissolution of silver in perchloric 
acid it has been observed that a small amount of 
silver invariably falls from the anode to the bottom 
of the coulometer vessel (Pyrex beaker). This dis- 
lodged silver (or sediment), identified as silver by 
spectroscopic analysis, must be collected, washed 
free of coulometric solution with conductivity water, 
dried, and weighed in suitable crucibles. Pyrex 
fritted-crucibles are used for this purpose. Ob- 
viously, then, it is also necessary to determine the 
effect of perchloric acid, perchloric acid-silver 
perchlorate solutions, and conductivity water on the 
stability of the crucibles. 

It is the purpose of this paper to present data on 
the stability of silver in various states of subdivision 
and of Pyrex in aqueous solutions of perchloric acid 
(20 wt %), in aqueous solutions of perchloric acid 
(20 wt %) containing silver perchlorate (0.5 wt %), 
and in conductivity water at room temperature. 
Changes in the combined mass of a Pyrex crucible 
and finely-divided silver during reheating at 105° C 
and during rewashing and redrying at 105° C are 
also presented, 


2. Materials 


Mint silver in rolled sheet form obtained from the 
United States Mint in Philadelphia, Pa., and purified 
mint silver in rod form were used in these experi- 
ments. The purified silver was prepared from mint 
silver by electrolytic transport in acidified  silver- 
nitrate solution; the purified silver collected at the 
cathode was leached first in hydrofluoric acid, then 
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in conductivity water. It was dried im a_ silver 
dish and fused in quartz tubes. The resulting silver 
rods were soaked in hydrofluoric acid to remove 
any surface laver of silica. Spectroscopic analysis 
showed the mint silver contained less than 10-ppm 
total metallic impurities and similar analysis showed 
the purified rods contamed less than 1-ppm total 
metallic impurity. 

The perchloric acid was reagent grade. Solutions 
of the desired concentration were made by dilution 
with conductivity water having a conductivity of 0.6 
to 1.0 107° (ohm em)~! at room temperature. The 
conductivity water was produced in a conductivity 
still wherein one third of the condensate is collected; 
the feed was distilled water treated with alkaline 
permanganate. The silver perchlorate used in some 
of the solutions was prepared from reagent grade 
silver oxide and perchloric acid solution. The 
perchloric acid-silver perchlorate solutions were 
always filtered before using them. 

The Pyrex crucibles used to collect’ the finely- 
divided silver as well as the Pyrex breakers used in 
the experiments were soaked in nitric acid solutions 
and thoroughly rinsed with conductivity water before 
using them. Both the inside and the outside of the 
glassware were cleaned. The crucibles had a capac- 
itv of 17 ml and an mner surface area of 28 en’, 
exclusive of the glass frit the diameter of which was 
1S em. 

3. Procedure 


Unless otherwise noted the silver was weighed, 
immersed in the respective solutions for specified 
time intervals, removed, washed with conductivity 
water, dried at 105° C, and reweighed. Heating at 
105° C was at times repeated. A_plastic-paneled 
cabinet in a room free of fumes was used to protect 
the silver and the solutions from dust. 

A semi-microbalance was used in the weighings 
involving unpurified mint silver. A> microbalance 
was used in the weighings involving purified mint 
silver. The weighings were made by double trans- 
position, with sensitivity measurements Interspersed, 
in a temperature-controlled room maintained at 
25+1° C and with a relative humidity of always less 
than 50 percent. The balances were supported on 
an Alberene slab anchored to a wall of the laboratory. 
All weighings were corrected for buovancy using 
the density of the weights, the prevailing density 
of air, 10.50 as the density of silver, and 2.245 
as the density of Pyrex. The weights were calibrated 
by the Mass and Seale Section of the National 
Bureau of Standards and were used periodically to 
check the performance of the balances. 


4. Results 


4.1. Stability of Silver in Aqueous Solutions of 20 
Percent Perchloric Acid 


Sheets of mint silver, about 0.03 em in thickness 
and 100 em? in surface area were used in these studies. 
The sheets were only 60° percent immersed in. the 
solution with 40 percent above the solution in order 
to include air-line corrosion if it occurred (the silver 


is used in this fashion in the coulometer, i.e., part of 
the silver protrudes into the coulometer solution). 
Each time the silver was reimmersed in the solution 
that part previously exposed to air was immersed. 
Results of these studies are given in table 1. 


TABLE 1. Stability of mint silver at 25° C in 20 percent 
aqueous solutions of perchloric acid 
Time a True mass ina Total change Rate of change in mass 
vacuum In Mass 
Tlours Crams wd wg/hour ndhr\/em 2 
‘) 14. 139731 
25. 5 14. 139662 69 27 0.045 
72.0 14. 139531 200 28 O47 
125. 5 14. 139444 287 ee 038 
241 14. 139363 308 ] 025 
387.0 14. 1392s ts) 1.2 . 020 
504.0 14. 139248 183 0.96 O18 
SU5.0 14. 139151 580 65 OL 
SUS 0 14. 130172 559 02 010 


¢ Time of immersion of silver in the solution, 

These data show that mint silver is quite stable in 
20 percent aqueous solutions of perchloric acid and 
that the rate of corrosion does not proceed at a 
constant rate but decreases with time as the Ag* 
content of the solution increases (see curve A of fig. 
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FIGURE | Stability of mint silver in. sheet form at room 


temperature: in 20 wt percent of HCIO, (A), in 20 wt percent 
HCO, containing 0.6 wt percent of AgClOs (B), and in 


conductivity water (C), 


area for mint silver in 20 percent perchloric acid at 
25° Cis 1.1 107° amp and decreases with time to 
25-10" amp, or lower later), as the Ag?* 
content of the solution increases. Thus, for 1 em? 
of surface area only 40 microcoulombs of electricits 
would be dissipated per hour for mint silver in 20 
percent perchloric acid and only 9 microcoulombs or 
less per hour (see later) for 20 pereent perchloric acid 
containing minute quantities of Ag’ ion (see curve 


(see 
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A of fig. 2). Since faraday determinations have 
shown that silver is readily dissolved anodically at 
rates higher than 360 coulombs per em? of silver 
surface per hour, even the higher corrosion current 
viz, 40 microcoulombs per hour for a solution con- 
taining minute quantities of Ag* introduces an un- 
certainty of about 1 part in 107, or 0.1 ppm. 
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Figure 2. Rate of change in mass of mint silver in sheet form 
at room temperature: on 20 wt percent of HCO; (A) and in 
20 wt percent of HCO, containing 0.5 wt percent of AgClO, 


B). 


4.2. Stability of Silver in Aqueous Solutions of 20 
Percent Perchloric Acid Containing 0.5 Perceni 
Silver Perchlorate 


Sheets of mint silver, 0.03 em in thickness and 
100 em? in surface area and rods (or anodes) of 
purified mint silver (estimated dimensional surface 
area ranged from 5 to 11.4 em?) were used in these 
experiments. The sheets of mint silver were 60 per- 
cent immersed in the solutions, as above, whereas in 
most cases the rods were completely immersed. Re- 
sults for mint silver are given in table 2. These data 


TABLE 2 B5~ Cin aqueous solutions 


containing 20 percent perchloric acid and 0.5 percent silver 


Stability of mint silver at 


pe rchlorate 


limes True mass in Potal change Rate of change in mass 
4 vacuum nh mass 
Tlo Gran uo wg hour wa/hr)/em 
() 13. S4SS07 
3 13. 848845 +34 
24 13. S4S888 7 0.33 0. 0055 
71.0 13. 848810 Dt} 3S 0063 
14] 13. 848776 Hg 50 OOS3 
339. 0 13. S48731 114 34 OODT 
WAL § 13. 848685 1HO sae 0053 
912. 5 13. S4S617 228 25 O42 
WA. 13. 848611 34 26 . 0043 
De 13. 848625 2) . 24 0040 
Ave 0. 33 0. 0054 
* Time of immersion of silver in the solution 
b See context 
928865 60 9 





again show that the presence of silver ions in small 
amount curtails the rate of corrosion of silver in 
aqueous solutions of HClO, (see curve B of fig. 1). 
The apparent increase in weight during the first 
3'6 hr, shown in table 2, is inconsistent with other 
observations. Neglecting this value and _ starting 
with the second it may be seen that the loss in 
weight per hour is nearly constant, although a slight 
decrease in rate is still evident. The average rate is 
0.33 ywg/hr or (0.0054 uwg/hr)/em? of surface area (see 
curve B of fig. 2). 

Results for purified mint silver in the form of rods 
are given in table 3. The average loss in (mass/hour) / 
cm? for these samples, excluding the first value which 
is abnormally high, is 1.7 times that for the average 
of the values given in table 2 for mint silver in the 
form of sheets. It can be seen in table 3 that the 
changes in mass of the silver rods or anodes are never- 
theless extremely small and that for the experiments 
involving long immersion of the samples the changes 
in (mass/hour)/em? is nearly the same as that for the 
sheet silver. The values of change, (mass/hour) /em®?, 
in table 3 calculated for short periods of immersion 
magnify any small uncertainty in the determination 
of the mass of the silver. Even the first and abnor- 


TaBLeE 3. Stability of purified mint silver at 25° C in aqueous 
solutions containing 20 percent perchloric acid and 0.5 percent 
silver perchlorate 


Initial mass) Final mass Esti- 
Time® ina in a mated Change Rate of change 
vacuum vacuum surtace In muss In mass 
irea 


Anode No. 1 





Tours Grams Grams em ug po/hr (ug/hr)/em2 
3 13. 657300 13. 657289 8.6 11 —3. 70 —0. 43 
41) 9. 542583 9, 542576 6.3 —7 —0.15 —. 024 
44 5. 833381 5. 833374 5.0 7 .14 —, 028 
65 5. 833374 5. 833363 5.0 11 —.17 —. 034 
17 5. 833373 5. 833368 5.0 -5 -. 29 —. 058 
Average fiat’ —0.19 —0. 036 > 
Anode No. 2 
65 20. 483577 20. 483569 11.4 —s —0. 12 —(). 010 
4 16. ¢ 16. 377773 9.3 —2 —. 02 —. 002 
4 12. 27 12. 274163 1.3 +] +. O1 +. 001 
$30) S 8. 174357 6.6 0 . 000 . 000 
787 S §. 174044 6.6 — 30 ~. 04 —. 006 
Average —(. 04 —0. 004 
Anode No. 4 
IAQ 7. 487765 | 7. 487762 6.0 3 0.01 0. 005 
GOT 7. 487762 7. ASTOS5 6.0 77 —. 0S —. O13 
Average 0. 04 —(). OO9 
Anode No. 5 
13 20, 069326 20, 069335 11.2 } +9 +0. 69 +-(). O62 
3,550 | 11. 256877 11. 256821 | 6.8 | 56 —(). O16 —(). O02 
Average +0. 33 
Average of all —(), 039 
Average omitting the first —. 009 
Average of those above 200 hi S —0. 0052 


‘Time of immersion of silver in the solution. 


bOmit first value. 
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mally high value of (0.43 yg¢/hour)/em? given in this 
table would cause an error of only 1 in 10° for a fara- 
day determination if a current density as low as 0.1 
amp/cm? were used, neglecting the fact that in a de- 
termination the Ag* ion concentration would increase 
rapidly after electrolysis was started. 


4.3. Stability of Silver in Conductivity Water 


Sheets of mint silver about 0.03-em thick and 
100-cm? in surface area and rods of purified mint 
silver (anodes no. 1 and no. 2) were used in these 
experiments. Again the sheets were 60 percent im- 
mersed in the water whereas the rods were completely 
immersed. The data of table 4 show that the mint 


Stability of mint silver in conduct ity water at room 
temperature (immersed area 60 cm?) 


TABLE 4. 


Time 8 True mass in | Deviations from Rate of change in mass 
a vacuum average mass 
Hours Grams ug ug/hour (ug/hr)/em 
0 14. 139733 ) 
4.0 14. 139718 6 @ 0. 062 
24.0 14. 1389723 ] 0, 04 001 
73.0 14. 139700 | 24 245 00S 
141 14. 139718 —6 11 — 2 
332. 0 14, 139728 +4 02 ool 
502. 14, 139749 +25 +. 03 +, OO] 
Average.. : = +10 
Average mass = 14.139724 g 
Standard deviation of mean=5.7 ug 


® Time of immersion of silver in water. 


silver in sheet form is practically inert in conductivity 
water at 25° C. The changes in weight are random; 
the average spread in values is only 10 wg in 14 g, or 
less than 1 ppm. The standard deviation of the indi- 
vidual observations is 15.1 we; the standard deviation 
of the mean is 5.7 wg. The data in table 5 for several 
samples of purified mint silver likewise show that 
silver is inert in conductivity water, and therefore 
the washing of the silver in conductivity water should 
cause no significant error in the determination of the 
faraday by the proposed method. 

Figure 1 shows the stability of mint silver in 
sheet form, in perchloric acid (curve A), in per- 


Stability of purified mint silver in conductivity water 
at room temperature 


TABLE 5. 


Initial mass Final mass | Estimated 
Time # ina ina surface 
vacuum vacuum area 


Rate of change in mass 


Anode No. 1 


Hours Grams Grams cm wo/hr ualhryem? 
18 9. 542576 9, 542565 6.3 0. 61 0). O97 

4 5, 833363 5, 833374 5.0 +. 50 + 100 

75 5. 833374 5. 833373 5.0 01 O02 

Anode No, 2 

236 8. 174357 8. 174354 6.6 —). 01 0. 002 

21 8. 174343 &. 174342 6.6 —. 05 - 07 

16 8. 174342 8, 174348 6.6 1. 37 1 O57 

16 8. 174077 8. 174061 6.6 1,00 151 


*® Time of immersion of silver in water. 


chloric acid-silver perchlorate (curve B), and in 
conductivity water (curve C). It is evident that 
mint silver exhibits high stability in conductivity 
water and in perchloric acid solutions, especially 
those containing silver perchlorate. 


4.4. Stability of Finely-Divided Silver in Aqueous 
Solutions Containing 20 Percent Perchloric Acid 
and 0.5 Percent Silver Perchlorate 


In section 4.2 it was shown that silver in sheet or 
rod form is highly stable in aqueous solutions con- 
taining 20 percent perchloric acid and 0.5 percent 
silver perchlorate. In this section data are given on 
the stabilitw. of finelv-divided silver in’ a_ similar 
solution. The finely-divided silver used was that 
which is produced in a coulometer during a coulo- 
metric run, te., the sediment that falls from the 
anode during anodic dissolution; no attempt was 
made to measure the state of subdivision of the 
silver later). The finely-divided silver was 
collected in Pyrex fritted-crucibles of 17-ml capacity, 
The crucibles were then filled with 12 to 14 ml of 
solution, placed in the cabinet, and allowed to stand 
at room temperature for specified times. The solu- 
tion was then drawn from the crucibles by suction 
and the crucibles dried at 105° C to constant weight. 
Since the changes in weight may have arisen not 
only from the solubility of the silver but also from 
the solubility of the crucible in the perchloric acid- 
silver perchlorate solutions the latter was also 
determined, As noted in the next section the 
crucibles lose weight at the rate of 0.5 we per hour in 
the perchloric acid-silver perchlorate solutions. 
Using this rate the results given in table 6 were 


{see 


obtained. 

The data of table 6 show that, on a weight basis, 
finely divided silver is considerably more soluble or 
less stable than the bulk silver in sheet or rod form, 
This fact is to be expected since finely-divided silver, 
on a Weight basis, has a much greater surface area 
than the bulk silver. Using the data obtained for 
the rate of solution of sheet silver, micrograms per 
hour (table 2) as a basis, the surface area of the 
sediment or finely-divided silver formed from sheet 
silver was calculated to be about twice that of the 
sheet silver and the sediment formed from purified 
silver rods from 100 to 900 times that of the sheet 
silver. Visual inspection also showed that sediment 
from sheet silver was much less finelv-divided than 
sediment from the purified rods. However, in the 
faraday determinations that have been made it has 
been found that the weight of the sediment from 
the corrosion of a given weight of the purified rods 
or anodes is about 1/20 that of the sediment from 
sheet silver. 

In the faraday determinations filtering of the sed- 
iment is finished within 2 hours after the end of 
electrolysis. The data in table 6 show that the maxi- 
mum loss in weight of the sediment from purified 
anodes is 1.38 ug/hr. This would cause an error no 
greater than 2.5 ppm fora 5-hrrun at 0.2 amp. The 
data presented thus far for finely-divided silver relates 
to its solubility or stability after is has been collected 
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TaBLE 6. Stability of finely-divided silver at 25° C in aqueous 
solutions containing 20 percent perchloric acid and 0.5 per- 
cent silver perchlorate 


Initial Final | Change | Change in 


mass of mass of | in mass | mass (cor- Rate of change in 
Time *| silver, in silver, in |(assumed | rected for mass of silver 
ivacuum | a Vacuum to be solubility 
silver) | of crucible) 
Mint Silver 
Hours Grams Grams 7) mT pg/hour |(ua/hr)/em2* 
OSS 2. 884495 2. 384309 186 13 0.15 0. OO87 
325 2. 165701 2. 165476 225 62 19 .012 
Purified Mint Silver 
Sample No, 1 
10 0. O3S8370 0. 038335 35 25 1. 32 ar i 4 
10) 038335 O3S301 34 14 0.45 1. 62 
Sample No, 2 
14th 0. 014493 0. OH4Z1S {75 202 1. 38 2. U6 
71 (64201 Ob4144 YS 21 0, 29 0. 62 
Sample No. 3 
60 0. ObS271 0. O6S200 71 4} 0.68 | 1. 38 
Sample No. 4 
304 0. OOUSb2 0. OHOU524 BBs Ish i 0. 59 | i eg 
Sample No. 5 
13 0. OTO4S0 0. O70456 D4 17 1.31 2.57 
16 OT 1283 O71260 23 15 0. 04 1. 82 
Sample No. 6 
| 0.071987 | 0.071912 | —25 1 0:7 144 


lime solution was in crucibl 
b Calculated by assuming area was a Weight percent of area of sheet silver per 
gram (7.22 cm? per gram 


ina Pyrex crucible at the end of a number of fara- 
dav determinations. However, the question arises 
whether some of the sediment as it is formed at 
the anode during a faraday determination exists in 
aneven finer state of subdivision than the sediment 
collected in the crucible and accordingly may have 
not only a greater rate of solubility than that col- 
lected in the crucible but may be also collodial and 
some of it transported from the anode chamber by 
electrophoresis. The latter question was investi- 
gated after a number of faraday determinations by 
filtering the solution in’ the beaker adjacent to and 
connected with the anode compartment by a syphon, 
In no case was a significant change in weight of the 
crucible found showing that migration of silver par- 
ticles from the anode compartment does not occur, 
even though the rate of filtering was slower for suc- 
cessive runs owing to the closing of the pores of the 
frit by the accumulation of finelv-divided silver. 

In the process of corroding silver anodically for 
a faraday determination there is the possibility that 
some silver is formed in an extremely finely-divided 
and very reactive state which, because of its increased 
solubility, may not be collected in the crucible at 


| 
| 
| 
| 
| 


| 


the end of the run. Evidence that this does not 
occur and therefore does not introduce a significant 
error consists in the agreement between the values of 
the faraday obtained for runs in which the amount 
of the finely-divided silver collected varied widely 
and for runs in which the current density was also 
varied widely. Examination of the results obtained 
in the runs made, shows no evidence that this is a 
source of significant error in the experimental 
procedure. 


4.5. Stability of a Pyrex Crucible Containing Finely- 
Divided Purified Mint Silver and Conductivity 
Water 


After filtering the sediment at the end of faraday 
determinations it is of course necessary to wash the 
crucible containing the collected silver. Although 
this requires only a relatively short time, neverthe- 
less tests were made to determine the effect of con- 
ductivity water on the mass of the crucible contain- 
ing finely-divided silver that fell from purified anodes 
during several faraday determinations. In _ these 
tests the crucible containing the finely-divided 
silver was about two-thirds filled with conductivity 
water and allowed to stand for varying periods. 
The water was then withdrawn by suction and the 
crucible and silver washed with an additional 100 
ml of conductivity water, dried at 105° C and 
weighed. The results of these tests are given in table 
7. Since the weight of the crucible was very nearly 
that of the tare the weights in columns 2 and 3 are 
very nearly those of the finely-divided silver. These 
results show that the mass of the crucible and the 
contained silver is not changed by conductivity 
water even over prolonged periods of time. 


Taste 7. Stability of a Pyrex crucible containing finely- 
divided purified mint silver in conductivity water 


Initial mass of | Final mass of | Change in 


limes crucible and crucible and | mass (as- 
silver ina silverina | sumed to be 
vacuum vacuum | silver) 
Sample No. 1 
Hours Tare plus grams Tare plus grams| Micrograms 
16 0. 038301 0. 038307 +6 
16 . 038307 - 038329 | +22 
Sample No. 2 
15 0. 064218 | 0. 064201 | —-17 
Sample No. 3 
» | ai ., a te 
60 | 0. 068265 | 0. 06827 | +6 


8 Time water was in crucible. 


4.6. Stability of a Pyrex Crucible in Aqueous 
Solutions of Perchloric Acid 


A Pyrex crucible of known weight was two-thirds 
filled with a 20 percent perchloric acid solution or a 
20 percent perchloric acid solution containing 0.5 
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percent silver perchlorate, allowed to stand at room 
temperature for a week or more in the cabinet, the 
solution was then withdrawn by suction and the 
crucible washed with 100 to 150 ml of conductivity 
water, and dried at 105° C, and reweighed. The 
pertinent data are given in table 8, and show that 
Pyrex crucibles are quite stable in perchloric acid 
and perchloric acid-silver perchlorate solutions at 
room temperature. For perchloric acid solutions 
the average loss in weight is 0.07 yg/hr while for 
perchloric acid-silver perchlorate solutions the loss 


for a single observation is somewhat higher but 
probably not significantly so. The latter value, how- 


ever, was used for the corrections made table 6, 
mentioned above. 

Since the filtering process at the end of a faraday 
determination does not require 2 hr even the largest 


value in table 8 for the loss in weight per hour, viz, 


TABLE 8. 


perchloric acid (20%) with or without silve) perchlorate 
0.5%) 

Initial mass of Final mass of (Change in mass Change in mass 

Time® crucible in crucible in per day per hour 

a vacuum 4 Vacuum 
Perchloric Acid-silver Perchlorate 
Da Grams Grams ud/day wi ho 
7 11. 320483 11. 3293893 12.9 0.54 
Perchloric Acid 
1 11. 329393 11. 329438 3.0 13 
25 11. 329438 11. 329344 —3.S 16 
15 11. 320344 11. 324280 1.4 1s 
a Time solution was in crucible, 

0.54 we, would not introduce an error for a 4-¢ run 


greater than 0.25 ppm in the value of the faraday. 
Wichers, Finn, and Clabaugh [3] have made com- 
parative tests of the effects of various reagents on 
chemical glassware. In those tests they found that 
Pyrex is extremely resistant to attack by 66 percent 
perchloric acid solutions at the boiling point and 
somewhat less resistant to attack by distilled water 
at 100° C. Even if the surface area of the frit in the 
crucible were known, other differences in the experi- 
mental conditions employed by the above authors 
from those employed in the present work preclude 
the possibility of making strict comparisons of their 
results with those given in table 8. Although we are 
primarily concerned with the stability of the fritted 
crucible under the conditions prevailing in the 
faraday determinations it is, nevertheless, significant 
that the above authors found Pyrex to be highly 
resistant to 60 percent perchloric acid solutions and 
also to distilled water. 


4.7. Changes in Mass of a Pyrex Crucible Contain- 
ing Finely-Divided Silver During Reheating at 
105° C and During Rewashing and Redrying 
at 105° C 


In the foregoing sections the stability of a Pyrex 
crucible and the stability of bulk and fine lv-div ided 


Stability of a Pyrex crucible in aqueous solutions of 


silver in perchloric acid and perchloric acid-silver 
perchlorate solutions and in conductivity water was 
considered. In the experiments with finely-divided 
silver the silver was collected in’ Pyrex crucibles, 
washed free of perchloric acid or perchloric ae id- 
silver perchlorate solutions with conductivity water 
and dried at 105° C. The question arises whether 
reheating or rewashing and redrying at 105° C cause 
any significant change in the combined mass of the 
crucible and the finely-divided silver. Therefore, in 
a series of faraday determinations the finely-divided 
silver that fell from the corroding anodes was trans. 
ferred from the anode vessel and collected by filtra- 
tion in a Pyrex crucible of known weight. The 
silver anode was then suspended in the anode beaker 
and rinsed repeatedly with separate portions of 
conductivity water. Each portion of water and any 
silver that fell from the anode during this washing 
procedure were transferred to the crucible. The 
anode was then suspended in an oven and dried at 
105° C for Lhr. The crucible was finally washed with 
an additional portion of water and dried for 2 hr at 
105°C. The silver anode and the crucible were then 
reweighed separately and the above washing pro- 
cedure was repeated using 100 ml of conductivity 
water after which the silver anode and the crucible 
were again dried and weighed. 

The data for the crucible and the finely-divided 
silver obtained in these operations are given in table 
9. The changes in mass are shown in the bottom 
portion of the table. The maximum change in mass 
15 we for reheating and +43 yg for rewashing 
Fora faraday determination in which 
fand 11 


is 
and redrying. 
4 ¢ of silver are corroded these changes are 


TaBLeE 9. Stability of a Pyrex crucible containing finely- 
divided silver during re heating at 105 Cand during re washing 
and redrying at 105° C 

Mass of eru- Mass of cru- 

M cru cible and silver Mass of cru ible and silver 

ind silver na vacuur cible and silver i Vacuum 

vacuum ifter run nd na vacuun ifter rewash- 

fore run one heating frer rehe it ng and redry 

Masses 
Hours Grams Grams Grams Grams 
13. 314242 13. 380028 13. 3S0010 13. 380029 
is 13. 380053 13, 494553 13. 40455¢ 13. 494542 
132 13. 494369 13. 572040 13. 5720384 13. 572619 
is 13. 572619 13. 607040 13. 6074931 13. 607932 
me) 13. 608002 13. 644927 13. 64492 13. 644925 
7 13. 644966 13. 713368 13. 713353 13. 713379 
1 13. 713243 13. 7H565S8 13. 765661 13. 765704 
Changes in Mass 
IT Gram \/ ( ! \/ rams 
0 0. 065781 13 
4s 114500 +3 14 
132 78271 t 15 
1s 035321 ot) +1 
12 O8H025 ] l 
72 O6S402 1 rat 
45 052415 +3 +43 
re 5 
» Time t oulometric runs 


132 


4 


= 4 


| 


The average change is —5 ug 
~S$ we for rewashing and reheating. 
ppm, 


ppm, respectively, 
for reheating and 
These changes for a 4-g run are 1 and 2 
respectively. 

The data for the silver anodes used in the above 
operations are given in table 10.) The maximum 


TABLE 10 Stability of sheet silver anodes during reheating at 


105° Cand during rewashina and redrying at 105° C 
Mass of silver Mass of silver 
Mass of silver in a Vacuum Mass of silver in a vacuum 
Time na vacuum ifter run and Ina Vacuum ifter rewash- 
before run one heating ifter reheat ing and redry- 
ing 
Masses 
Hours (rrams Grams Grams Grams 
14. 8486025 §. $21713 S. $21709 8. 321711 
1s S. S?P1T00 2. 062902 2. 62902 2 OOLZSUY 
$32 14. 139172 9, 282122 Y, 282125 9, 282119 
1s Q PRPI1T19 5. 150061 5. LAO95S 5. 150948 
120) 5. OO640S 2. 498740 2. 498738 2. 498736 
72 3. 866475 1. 237163 1. 237162 237159 
156 14. 468004 10. 318351 10. 318337 10, 318351 
Changes in mass 
Th ‘ Grams \licrograms \ficrograms 
0 5. 526912 4 t2 
1s 6, 258708 0 3 
132 4. S5TOSO +3 th 
1s 4. 131158 6 7 
120 2. 597758 2 2 
i2 2. 6293810 1 3 
456) 4. 150643 14 +14 
Average 3 l 


§ Time between Coulometric runs, 


change in mass of an anode is —14 ug for reheating 


and +14 wg for rewashing and reweighing. For a 
faraday determination in which 4 g of silver are 


PJ 


corroded these changes are 3 ppm. The average 
change is —3 we for reheating and —1 ug for re- 
washing and reheating. These changes for a 4-¢ 
run are less than 1 ppm. 


Finally, if the average change, —5 yg, shown in 
table 9 for reheating the crucible is combined with 
the average change, —3 ug, shown in table 10 for 
reheating the sheet-silver anodes the average change 
in the calculated value of the faraday for a 4-¢ run 
would be —2 ppm. The average change, +8 ug, 
shown in table 9 for rewashing and redrying the 
crucible if combined with the average, —1 ug, shown 
in table 10 for rewashing and redrying the anodes 
would cause a change of +2 ppm in the calculated 
value of the faraday. 


5. Conclusions 


The above results show that the analytical opera- 
tions required for the determination of the faraday 
by the anodic dissolution of silver in perchloric acid 
can be performed accurately. In the absence of an 
electric current, silver in various states of subdivision 
is highly stable in aqueous solutions of 20 percent 
perchloric acid, especially in aqueous solutions of 20 
percent perchloric acid containing 0.5 percent or 
more of silver perchlorate, and in conductivity water 
at 25° C. The Pyrex apparatus and particularly 
fritted Pyrex crucibles needed in the analytical 
procedures are likewise highly stable in the above 
solutions. 
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Note on the Preparation of Sodium Amalgam in the Form 
of Pellets 


H. S. Isbell, H. L. Frush, and N. B. Holt 


(August 26, 1959) 


\ procedure is described for the preparation of sodium amalgam in the form of pellets. 


In connection with the development of methods 
for the synthesis of radioactive carbohydrates,’ a 
procedure and apparatus were previously described 
(1, 2, 3]? for the reduction of semimicro quantities of 
aldonic lactones to sugars. The method employs 
sodium amalgam together with a slightly soluble, 
acid salt) (sodium binoxalate) as buffer. The 
amalgam is used in the form of pellets made by 
dropping the molten amalgam into a ‘“‘shot tower” 
of oil. Because other workers have had difficulty in 
making these pellets, the procedure is now given in 
detail. 

The amalgam is prepared in a 500-ml, round- 
bottomed, stainless-steel flask having a single neck, 
with a 24 40 standard-taper joint: (outer),* and a 
thermometer inlet. The joint is fitted with a stain- 
less-steel stopper, which has an inlet tube bent at 
right angles to the stopper and covered with asbestos 
for convenience in handling. The flask is held ina 
sturdy, asbestos-covered clamp, which serves as a 
handle for the vessel during the heating step. An 
alundum (Soxhlet extraction) thimble 45 mm_ in 
diam, in the bottom of which six 1.5-mm holes have 
been drilled, is held in a second asbestos-covered 
clamp. The oil bath is a thick-walled heat-resistant 
glass jar, 6 in. in diam and 18 in. high, containing 
paraffin oil to within 3 in. of the top (see fig. 1). 

To prepare the amalgam, a weighed amount of 
mercury is placed in the flask, into which a continu- 
ous stream of dry nitrogen is passed by means of the 
inlet tube of the stopper. The required amount of 
sodium ° is weighed under paraffin oil, and then cut 
into pieces just small enough to be r radily slipped 
through the neck of the flask. Each piece is rinsed 


A project sponsored by the Division of Research of the Atomic Energy Com- 
mission 
? Figures in brackets indicate the literature references at the end of this paper. 
Phe reduction procedure has also been modified for use with macro quantities 
of lactones [4 
* Scientific Glass Company, Bloomfield, N.J 
‘For the reduction of aldonie lactones under the conditions employed in this 
laboratory a 5-percent amalgam has been found to be satisfactory. 


ina hydrocarbon solvent, such as heptane or toluene, 
quickly blotted dry, and dropped through the neck 
of the flask into the mercury; the stopper is immedi- 
ately replaced. The sodium reacts quickly with the 
mercury and may be added fairly rapidly because of 
the atomosphere of nitrogen. After the addition of 
the sodium is completed, the flask is heated with a 
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Figure 1. Apparatus used in the preparation of sodium 


amalgam pellets. 
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Meeker burner until the amalgam is entirely molten, 
(The presence of remaining solid particles in the 
amalgam may be detected by the sound of their impact 
on the walls of the flask when it is given a gentle, 
swirling motion.) While the amalgam is being pre- 
pared, the alundum thimble is heated over another 
Meeker burner by a second operator. The hot 
thimble is then so clamped that its bottom is 1 to 2 
in. above the surface of the oil, and the molten 
amalgam is poured into the thimble from the ther- 
mometer inlet of the flask. The amalgam flows 
through the holes in the bottom of the thimble, 
drops through the oil, and collects at the bottom of 
the oil bath as small, rather flat pellets. 

Optimal conditions for the production of smooth 
pellets must be determined by trial. If the flask and 
thimble have not been sufficiently heated, the 
amalgam may solidify in the thimble. If the holes 
in the thimble are too large, the product: may be 
somewhat “thready.”’ However, once the optimal! 
conditions have been established, the procedure may 
be repeated without difficulty. 

The entire operation must be performed in an 
efficient hood. ‘The amalgam is stored under paraffin 
oil in a wide-mouthed, secrew-capped bottle (see fig. 
2). Pellets are removed as needed, weighed under 
oil, and rinsed with an inert, volatile solvent im- 
mediately before use. 
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Selected Abstracts 


Surface-wave resonance effect in a _ reactive 
cylindrical structure excited by an azial line 
source, A. L.. Cullen, J. Research NBS 64D, No. 1, 
13 (1960). 


It is shown that a purely reactive cylinder excited by a 
neighboring line source can, under suitable conditions, give 
rise to a radiation pattern closely approximating the function 
cos né, 

In a numerical example, a cylinder of three T.E.M. wave- 
lengths circumference has a surface renetance chosen to 
emphasize the term cos 66 in the Fourier series of the result- 
ant radiation pattern. It is shown that only 
the total power delivered to the line source is radiated in 
unwanted modes. 

It is also shown that the position of the line source does not 
affect this result to first order provided that k(b—a)< ; i 
where b—a is the distance of the line source from the cylin- 
drieal surface. 


Basic experimental studies of the magnetic field 
from electromagnetic sources immersed in a 
semi-infinite conducting medium, \. _ B. 
Kraichman, J. Research NBS 64D, No. 1, 21 (1960). 


Using electromagnetic sources, consisting of various dipoles 
and loops immersed in & concentrated sodium chloride solution, 
measurements Were made verifving the magnetic field propa- 
gation equations in air, derived previously by several authors. 
The receiver Was farther away from the source than a wave- 
length in the conducting medium, but much closer than a 
wavelength in air, 

An expression is derived giving the value of the magnetic 
field in air due to a reetanguler loop with a horizontal axis by 
assuming the loop to consist of two electric dipoles correspond- 
ing to the horizontal members. Experimental data verifving 
this expression are presented. 

\lso, using submerged electric dipoles, measurements were 
made of the magnetic field in air which show that the field is 
determined solely by the current in the horizontal radiating 
Wires of the dipoles. 


Determination of the amplitude-probability 
distribution of atmospheric radio noise from 
statistical moments, W. G. Crichlow, C. J. 
Roubique, A. D. Spaulding, and W. M. Beery, 
J. Research NBS 64D, No. 1, 49 (1960). 


During the International Geophysical Year, the National 
Bureau of Standards established a network of atmospheric 
noise recording stations throughout the world. The ARN-2 
noise recorder at these stations measures three statistical 
moments of the noise: average power, average voltage, and 
average logarithm of the voltage. An empirically derived 
graphical method of obtaining an amoplitude-probability dis- 
tribution from these three moments, and its development, is 
presented Possible errors and their magnitudes are dis- 
cussed, 


Recorder survey: Recording surfaces and mark- 
ing methods, G. Keinaih, VBS Cire. 601, 41 (1959) 
50 cents. 


This Circular surveys the characteristics and comparative | 


advantages of continuous traces, dotted traces, and printed 
characters, as produced by inking, incision, impression, in- 
dentation, deposition, heat, light, eleetrie discharge, electron 
beam, magnetism, chemical action, or fluid streamlines.  De- 
seriptive and reference material is ineluded on three physica! 


1.1 percent of | 


components of the recording system—the reservoir of 
material or energy, the marking point or matrix positioned by 
the measuring element, and the chart surface which preserves 
the record. 

Energy dissipation by fast electrons, L. V. 
Spencer, NBS Monograph 1, 70 (1959) 45 cents. 


Tabulations are given of the energy dissipated by fast elee- 
trons at different distances from nomoenergetic electron 
sources, for plane perpendicular and point isotropic sources. 
A summary of the theoretical methods and data utilized, and 
a table of spatial moments are also included. 


Calculated behavior of a fast neutron spec- 
trometer based on the total absorption prin- 
ciple, J. E. Leiss, Tech. Note 10 (PB151369) $1.00. 


Performance calculations for a total absorption fast neutron 
spectrometer are presented. The spectrometer detecting 
element is a boron-10-loaded liquid seintillator. By making 
the scintillator a thin disk, only those neutrons whose first 
collision is a large-energy-loss hydrogen collision have appre- 
ciable chance of remaining in the spectrometer long enough 
to be captured. The expected energy resolution and efficieney 
of this type of spectrometer are determined, and are com- 
parable to other types of fast neutron spectrometers. 


Penetration of gamma rays from isotropic 
sources through aluminum and concrete, M. J. 
Berger and L. V. Spencer, Tech. Note 11 (PB151370) 


| 50 cents. 


Semianalytical expressions, with numerically specified param- 
eters, are given which represent the gamma rav dose distribu- 
tion in infinite aluminum or concrete media for sources that 
are monoenergetic (With energies between 10.22 Mev and 
0.0341 Mev), isotropic, and have the form of an infinite plane, 
point, disk, or spherical surface. 


Precise time synchronization of widely sepa- 
rated clocks, A. H. Morgan, Tech. Note 22 
(PB151381) $1.50. 


This paper describes known prescise methods of setting a 
group of widely separated clocks to precisely the same time 
and keeping them in close agreement indefinitely; most of 
the proposed methods are now available. An estimate of 
the accuracies of each method are given. Some discussion 
of high frequeney radio propagation theory pertinent to two 
of the methods and a few sets of measurements of the propaga- 
tion delay time of high frequency signals from WWYV to 
WWVH are given. Several graphs and tables are included 
to simplify some of the calculations. 

Design of single frequency filters, Ff. F. Fulton, 
Jr., Tech. Note 23 (PB151382) 50 cents. 


Efficient procedures are shown for designing filters formed 
by a number of identical resonant circuits loosely coupled 
together, and which are required to accept one narrow band 
of frequencies and reject another narrow band somewhat 
removed in frequeney without any special requirements on 
the shape of the attenuation curve in between these regions. 
The design is based on using a large number of sections. 


Note on_ bivariate linear interpolation for 
analytic functions, W. Gauischi, Math. Tables 
and Other Aids to Computation 18, No. 66, 91 (1959). 
A detailed study of the accuracy of bivariate linear inter- 
polation is applied on real and imaginary parts of an analytic 
function With some suggestions for improving the accuracy. 
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Absorption of radiation by a cylindrical sample 
of a strong absorber, P. H. Fang and I. A. Stegun, 
Letter to Editor, J. Chem. Phys. 31, 267 (1959). 


The connection between the Bessel function and an integral 
which occurs in an absorption of radiation by a strong absorber 
is discussed. 
analysis of experimental data is indicated. 


PILOT—A new 
A. L. Leiner, W. A. Notz, J. L. Smith, and A. 
Weinberger, -. Assoc. Computing Mach. 6, No. 3, 
313 (1959). 


The Pitot data processor is a high-speed multiple computer 
svstem, more than 100 times faster than SEAc. It contains 
three interconnected computers for rapid processing of data, 
and also contains multiple input-output channels for rapid 
transfer of data into and out of the system. All of these 
units operate concurrently in a coordinated fashion. <A 
summary description is given of the overall logical plan of 
the system including the principal characteristics of the 
first computer, the second computer, the third computer, tke 
internal controls, and the external controls. 

The system combines internal processing capabilities that 
are fast and versatile with external communication capa- 
bilities that are exceptionally flexible. This combination 
permits the internal power of the machine to be exploited 
readily by the outside world, either by other automatic 
devices or by human operators. 


multiple computer system, 


Analysis of vibrational relaxation data in shock 
wave experiments, K. E. Shuler, J. Chem. Phys. 
30, No. 6, 1631 (1959). 


In the analysis of the data on vibrational relaxation behind 
shock Waves it is necessary to take account of the fact that 
more than the two lowest vibrational states may be appre- 
ciably populated. An analysis for systems with many quan- 
tum states is carried out for an ensemble of harmonic oscil- 
lators. 


Branched-chain higher sugars. I. A 9-aldo- 
4-C-formyl-nonose derivative, R. Schaffer and 
H.S. Isbell, J. Am. Chem. Soe. 81, 2178 (1959), 


Two molecules of 5-aldo-1,2-O0-isopropylidene-p-ry/o-pento- 
furanose in alkaline solution combine to form a branched- 
chain decose Cerivative (1) by an aldol condensation. An 
explanation is offered for the occurrence of this condensation, 
which is not a typical carbohydrate reaction. A proof of the 
complete structure and configuration of I is presented and the 
compound is named 9-aldo-4-C-formy]-1,2:8,9-di-O-isopropy1- 
idine-L-xylo-L-ido-nono-1,4:9,6-difurano-4 (1) ,7-a-pyranose. 


The use of a vacuum microbalance in studies 
of electron tube materials, G. F. Rouse, Proc. jth 
Natl. Conf. on Tube Techniques, Se pt. 10 to 12, 1958, 
Sponsored by the Advisory Group on Electron Tubes, 
p.- 262 Ne uw York lin versity Pre ee: Ne Ww York, N. 
1959). 


Several of the physical and chemical processes which occur in 
an electron tube involve changes of mass. For instance, 
sublimation from the cathode or breakdown of the coating 
Absorption or adsorption of gas 
by a tube part increases its mass. If change of mass can be 
measured with sufficient accuracy and the measured change 
cin be correlated with controlled experimental conditions, a 
better understanding of the factors governing particular proc- 
esses may be possible. This greater understanding may make 
it possible to control the processes so as to minimize ans 
harmful effects which might arise from them. 

A study based on this idea of measuring change of mass Was 
initiated some time ago, a vacuum microbalance being the 
test device. 


decrease the cathode mass. 


The effect of using this exact evaluation in the 





Effects of gamma radiation on collagen, J. 
Cassel, J. Am. Leather Chemists’ Assoc. LIV, No. 8, 
4382 (1959). 

The effect of gamma radiation was determined on collagen 
exposed as a purified steerhide powder and as kangaroo tail 
tendon. Absorbed radiation ranged from 5 to 220 megarads, 
Apparent even at low radiation levels were the decrease in 
shrinkage temperature and increased water-solubility. The 
same decrease in shrinkage temperature was observed for 
tendons irradiated in the presence or absence (vacuum) of 
air. The shrinkage temperature was not influenced by the 
moisture content of the tendon during irradiation.  Rela- 
tively little damage to amino acid structure Was observed at 
absorption doses less than 20 megarads. The amino acid 
components most susceptible to alteration by radiation are 
methionine, phenylalanine, and threonine, while those least 
damaged were alanine, glycine, hydroxyproline, proline, and 
arginine. Radiation causes a nonhydrolytic type of peptide 
chain seission. High ultraviolet absorbance by the water- 
soluble fractions is due to formation of specifie complex ultra- 
violet-absorbing groups rather than to light seattering. 


Standards for neutron flux measurement and 
neutron dosimetry, R.S. Caswell, EK. R. Mosburg, 
Jr., and J. Chin, 2d United Nations Intern. Conf. on 
the Peaceful l'ses of Atomic Fenergy 21, Tlealth and 
Safety: Dosimetry and Standards, P 752 USA, p. 92 
(1959). 

Known neutron fluxes for laboratory use may be obtained 
from sources in Which neutrons are produced by a natural 
radioactivity. An absolutely calibrated radium-beryvlilium 
photoneutron source is used as a primary standard of source 
strength. Methods for intereomparisons and calibrations of 
neutron sources are given, together with the results of inter- 


national source intercomparisons. A standard thermal neu- 
tron flux geometry, absolutely calibrated by B'!(n, @) reaction 
rate is deseribed Methods for separating neutron and 


ganima ray dose in mixed radiation fields by use of propor- 


tional counters With pulse-height discrimination are discussed, 


A study of limb flares and associated events, 
C. Warwick and M. Wood, Astrophys. J. 129, No. 3, 
SOL (1959 


Measured heights of limb flares to derive a fre- 
queney distribution of flare height and to assess the importance 
of height in the production of flare associated events. The 
observed height distributions can be explained by a real dis- 
tribution With maximum at zero, decreasing toward greater 
heights. The occurrence of SWE (shortwave fadeout) de- 
pends strongly on flare height. This dependence could be 
explained as an effect either of absorption of the ionizing 
radition in the sun’s atmosphere or of a mechanism of produc- 
tion of ionizing radiation that depends critically on the height 
of the flare. Center-to-limb variation of SWE occurrence, 
While not conclusive, favors the former interpretation. The 
relation between optical flare characteristics and occurrence of 
associated bursts of radionoise is strongest for decimeter 
bursts and weaker for bursts at meter wavelengths. 


were used 


Low even configurations in the first spectrum of 
ruthenium (Ru 1), R. FE. Trees, J. Opt. Soc. Am. 
49, SSS (1959). 


The theory of intermediate coupling with configuration 
interaction is used to calculate energy levels and g-values in 
the 4d° 5s, 4d? 5s, and 4d° configurations of Rui. By using 
15 parameters, the positions of 57 observed levels are calcu- 
lated with a mean deviation of = 54 em! between theory and 
experiment. There are unexplained differenees greater than 
500 em! for two other levels, one of Which is well-confirmed 
by experiment. Overall agreement between observed and 
calculated g-values is within 2+ 0.006. Linear relations are 
obtained between similarly defined electrostatic parameters 
in the three configurations. 
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The nature, cause and effect of the porosity in 
electrodeposits. IV. Influence of gas bubbles 


Magnetic study of the frozen products from 
the nitrogen microwave discharge, B. J. Fontana, 


J. Chem. Phys. 31, No. 1, 148 (1959). 


Magnetic susceptibility measurements have been made during 
the deposition in a solid Ne matrix of nitrogen atoms produced 
in 2 microwave discharge. From the nitrogen atom concen- 
tration in the gas reaching the condensing surface and the 
magnetic measurements on the deposited solid, it is concluded 
that a concentration of about 0.2 to 0.5 mole pereent N 
eannot be exceeded in the solid phsse. Such concentrations 
are observed only for relatively brief intervals after which 
eatastrophie recombination occurs. Stable, long-lived con- 
centrations which account for the previously reported ther- 
mal and light emission effects which accompany warmup 
of such deposits are estimated to be less than 0.01 to 0.04 
mole percent N. Susceptibility measurements are based on 
comparison With solid molecular oxygen and the calculation 


of N atom concentrations assumes that the susceptibility 
of dilute N atoms in an No matrix approximates that of the 
free gas. 


The thermal E.M.F. of several thermometric 
alloys, R. L. Powell and M. D. Bunch, Suppl. au 
Bull. inst. inte rn. froid (Delft, TTolland), Comm. 1, 129 
(1958). 


Measurements of the thermal emf of Au-2.1 at. percent Co, 
Constantan and “normal” silver versus copper have been made 
from 4° It to 300° IK, with reference termperatures at the 
boiling points of liquid helium, liquid hydrogen, and liquid 
nitrogen. The uniformity of each type of thermo element 
was tested by simultaneous cablibration of several samples 
from the same melt. 


Geometrical anistropy of magnetic materials in 
waveguides and cavities, L.. A. Sieinert, J. Appl. 
Phys. 80, 1109 (1959). 


The perturbations caused by magnetized materials 
placed inside waveguides or resonant cavities depend upon 
the geometrical shape of the material as well as its intrinsic 
properties, 

In the case of isotropic ferrite ellipsoids, a general formulation 
is given for the ratio of the radiofrequency magnetization 


ferrite 


4rm of the material to the uniform radiofrequeney field ho 
external to the material. A few special examples are included. 


Radioactivity standardization in the United 
States, W. B. Mann and H. H. Seliger, 2d United 
Nations Intern. Conf. on the Peaceful Uses of Atomic 
Energy 21, Health and Safety: Dosimetry and Stand- 
ards, P, 750 USA: p. GO (1959). 


tecent developments are described in radioactivity standardi- 
zation by compensated gas counting and liquid scintillation 
counting. 


Magnetic interaction of H,, V. Griffing, J. L. 
Jackson, and B. J. Ransil, J. Chem. Phys. 30, No. 4, 
1066 (1959). 


The results of an LCAO-MO-SCF-CL caleulation of the 
2y, ground state of linear Hs are presented and the wave 
functions obtained from this calculation are used to calculate 
the general features of the electron spin resonance spectrum, 
The calculation is carried through for the Fermi contact 
interaction, which is the principal interaction between the 
proton and electron spins. It is found that the off-diagonal 
elements of the hyperfine interaction matrix may not be 
neglected in that they split degenerate levels. The predicted 
spectrum, however, does not agree with the observed electron 
spin resonance spectrum of discharged hydrogen deposited at 
liquid helium temperatures. In addition the expected elec- 
tron spin resonance spectrum of H)* has been calculated from 
the exact wave function. 


|. electrodeposits. 





on the formation of pores, F. Ogburn and D. W. 
Ernst, Plating 46, 957 (1959). 


One mechanism for the formation of a pore in electrodeposits 
involves the inclusion of a surface gas bubble. Whether the 
pore becomes continuous or bridged-over depends upon the 
relative rates of hydrogen discharge and nickel deposition. A 
cell is described which permits the observation of a simulated 
“cross section’ of a nickel deposit while it is being formed. 
A series of photcmicrographs obtained with this cell shows the 
enclosing of a gas bubble. 


The nature, cause and effect of the porosity in 
V. An evaluation of the sensi- 
tivity of the ferroxyl test, F. Ogburn, D. W. 
Krnsi, and W. H. Roberts, Plating 46, 1052 (1959). 


The importance of a good porosity test prompted the deter- 
mination of the sensitivity of the ferroxyl test. Strausser’s 
modification of the test was used to determine the porosity of 
the gold coatings on steel. A photographie process deter- 
mined the porosity of goldfoil obtained by stripping the steel 
away with acid. A filar micrometer was used to measure the 
size of the pores present in the goldfoil. A comparison of the 
porosities of the goldfoil as determined by both methods gave 
the following results for pores between 0.05 and 0.5 mil in 
diameter: (1) less than 50 percent of all pores present are 
detected by the ferroxyl test; and (2) of this number, the 
larger the pore the more likely it will be detected. 


Electrical discharge induced luminescence of 
solids at low temperatures, L. J. Schoen and 
R. E. Rebbert, J. Mol. Spect. 3, No. 4, 417 (1959). 


Luminescence of condensed nitrogen-oxygen-argon systems 
at low temperatures has been excited by a-e and d-e discharge 
techniques. Typical atomic and molecular spectra obtained 
by these methods are described. The structure and wave- 
lengths of the 8 line group attributed to trapped oxygen 
atoms (@S-—>!D) and the wavelengths of the A and Vegard- 
Kaplan band systems are compared in nitrogen and argon 
matrices. In argon a line group interpreted as the 'S—3P 
atomic oxygen transition has been observed. The principal 
mechanism of excitation under the conditions employed 
appears to be ion-electron bombardment of the deposited 
solid. 


Program of the International Commission on 
radiological units and measurements, L. 5. 
Tavlor, L. H. Gray, and H. O. Wyckoff, 2d United 
Nations Intern. Conf. on the Peaceful Uses of Atomic 
Energy 21, [lealth and Safety: Dosimetry and Stand- 
ards, P/2243 WHO, p. 81 (1959). 

A short review is given of the history of the ICRU, the 
program which resulted in its 1956 report, and the current 
program under way which will result in a new report next 
vear. Special emphasis is placed upon the international 
character of the organization and its efforts to achieve 
international agreement on the measurement of radiation 


sources, 


Spectrum of thin target bremsstrahlung 
bounded by a forward circular cone, J. H. 
Hubbell, J. Appl. Phys. 30, No. 7, 981 (1959). 

The Schiff expression for the cross section per nucleus, for 
thin-target bremsstrahlung into the angular and energy 
ranges d@ and dk, is integrated analytically over angle from 
zero to %. Results are shown for the case Z = 78, Hy — mc? = 40 
Mev and x¥=0.5, 1, 2, 4, and 8, where #,— me? is the kinetic 
energy of the incoming electron and X is the reduced angle 
OEy/me. The fraction of the total cross section included in 
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a cone of angle @) can be approximated to within 20 percent 
by x?/(1+x?). At x=1, or 6=0.723°, the ratio of energy 
delivered by photons above (#)—mec?)/2 to that below is 
9 percent greater than for the limiting spectral shape at 
6 —=0, or that given by the Schiff expression at @)=0, and 13 
percent greater than for the spectrum integrated over all 
angles. For a target of finite thickness, multiple electron 
scattering should partially suppress the spectral dependence 


On” « 


Negative atomic ions, H. R. Johnson and F. 


Rohrlich, J. Chem. Phys. 30, 1068 (1959). 


A semiempirical method is proposed for the computation of 
the electron affinities of negative atomic ions by extrapolation 
from the ionization potentials of the corresponding isoelec- 
The method is based on a formula which 
ean be justified on physical grounds and of which at least 
two parameters have direct physical interpretation. The 
results for the two short periods agree with experiments, with 
the important exception of § The method predicts a 
stable N~ ion of small binding energy. The excited states 
and the fine-structure splitting can also be obtained by 
extrapolation based on theoretical formulas. 
these formulas seems preferable to the method by Bates 
and Moisewitsch, but the results on excited states are the 
same, 


tronic sequences. 


The very low-frequency emissions generated in 
the earth’s exosphere, R. \I. Gallet, Proc. TRE, 
43, No. 2, 211 (1959). 


Naturally occurring, very low-frequency signals not 
ated with lightning discharges, and strongly correlated with 
solar activity, have been recognized nearly as long as the 
atmospheric whistlers which have their genesis in lightning 
discharges. Whereas whistlers have been satisfactorily 
explained, until recently these other phenomena have not. 
From the examination of a large quantity of high resolution 
spectograms, it has been deduced that a major fraction, if 
not all, of these other ‘noises’ are excited in the exosphere 
by streams and bunches of high-speed ionized particles pre- 
cipitating into the ionized atmosphere in the presenee of the 
earth’s magnetic field. The electromagnetic waves excited 
are then propagated in the manner of whistlers 

The excitation mechanism is similar to the operation of a 
traveling-wave tube. Two frequencies are simultaneously 
generated, and their values depend only on the three param- 
eters: local electronic density in the exosphere, loca! eagnetic 
field intensity, and particle velocity V. 


HSSOCI- 


Reaction of hydrogen atoms with solid oxygen 
at 20° K, R. Klein and M. D. Scheer, J. Chem. 
Phys. 31, No. 1, 278 (1959). 


Hydrogen atoms, produced in the gas phase by thermal de- 
composition on a hot tungsten ribbon, react with solid oxy- 
gen at 20° K. The primary reaction is most) probably 


H + O.>HOs. 


Application of the Williams-Landel-Ferry 
equation to silicate glasses, A. B. Bestul, Glastech. 
Ber. (Frankfurt, Germany) 32 Ky, No. VI, 59 (1959). 


Viscosity data for silicate glasses in the glass transformation 
region have been fitted to the Williams-Landel-Ferry equa- 
tion. The values resulting for one of the two constants ure 
about the same as those obtained tor organic glasses. The 
values for the second constant are much different from those 


for organie glasses. This seeond constant has been shown 
by Bueche to contain the volume coefficient of thermal 
expansion, a, about the transformation temperature. If the 


applicable values of a: are extracted from the second con- 
stant, the residues are about the same for silicate glasses and 
These findings confirm for silicate 


glasses 


organic glasses. 


The use of 


the conclusion of Williams, Landel, and Ferry and of Bueehe 
concerning the insensitivity to details of molecular strueture 
of the properties of glass-forming substances which control 
their temperature dependence of molecular relaxation times, 


Glow discharge spectra of copper and indium 
above aqueous solutions, D. Kk. Couch and <A, 
Brenner, Tech. Notes, J. Electrochem. Soc. 106, 628 
(1959). 

An unusual glow discharge was produced between a tungsten 
eleetrode and an aqueous solution of cupric or indium salts. 
This glow was not produced by other salts or by a discharge 
to a fused salt bath containing copper. 


Gaseous heat conduction at low pressures and 
temperatures, R. J. Corruceini, Vacuum 7-8, 19 
(Pergamon Press Ltd., London, England, 1959), 


Over the large temperature differences that ean exist in 
vacuum insulation of ervogenic devices some of the assump- 
tions on which the formulas for free molecule heat condue- 
tion are based are not strictly valid. The consequences of 
this are discussed, and some incorrect usages are pointed out. 
Working formulas and auxiliary data on mean free paths 
coefficients at ervogenic temperatures 


and acecommeadation 


ure presentcd. 


Multiple ionization of sodium vapor by electron 
impact, V. H. Dibeler and R. M. Reese, J. Chem. 
Phys. 31, No. 1, 282 (1959), 

Mass speetrometrie studies are made of multiply-charged ions 
in sodium vapor. The results indieate that within a few 
volts of threshold, the probability of ionization increases as 
the nth power of the energy in excess of threshold, where n is 
the number of charges on the ion. This is in agreement with 
Geltman’s theoretical treatment of the threshold law for 
ionization by eleetrons. 


Vibrational intensity distributions in the nitro- 
gen afterglow, U. H. Kurzweg and H. P. Broida, 


J. Mal. Spect. 3, No. 4, 38S (1959), 


Nitrogen afterglows produced in a fast-flow svstem by an elee- 
trodeless discharge bave been studied as a function of pressure, 
flow, diluent, and temperature. Intensity measurements of 
the No Ist positive bands (/331T — A°3) responsible for the visible 
afterglow were obtained by means of a photoelectric record- 
ing monochromator. It is shown that the vibrational in- 
tensity distributions are not explainable by the generally 
accepted, preassociation model of the afterglow phenomena. 
High resolution seans depicting the relative intensity be- 
havior of the /811-—.A%> svstem under a variety of conditions 
are presented, 


Influence of crystallographic orientation on the 
pitting of iron in distilled water, J. Kruger, J. 
Electrochem. Soc. 106, No. 8, 736 (1959), 


The frequeney of pitting on iron exposed to distilled water 
was found to depend on erystallographie orientation. The 
number of pits per unit area was highest for | 110}. 


A direct-reading viscometer, \I. R. Shafer, /n- 
struments and Control Systems 32, No. 7, 1044 (1959). 


Prototype instruments for determining directly the kinematic 
viscosity of liquids have been developed using the restrietions- 
in-series principle. Although not an absolute method, a 
simple calibration with liquids of known viscosities permits 
the subsequent measurement of the viscosities of other 
liquids by reading a single manometric column; no corrections 
or other ealeulations are required. Theory, construetion, and 
operation of instruments having the range 0.5 to 5.0 centi- 


stokes are discussed. 
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Other NBS Publications 


Journal of Research, Section 64D, No. 1, 
January-February 1960. 70 cents. 


Effect of antenna size on gain, bandwidth, and efficieney, 
R. G. Harrington. 

Surface-wave resonance effect in a reactive cylindrical strue- 
ture excited by an azial line source, A. L. Cullen. (See 
above abstract.) 

Basic experimental studies of the magnetic field from eleetro- 
magnetic sources immersed in a semi-infinite conducting 
medium, M. B. Kraichman. (See above abstract.) 

A very-low-frequeney antenna for investigating the ionosphere 
with horizontally polarized radio waves, R. $8. Maemillan, 
W. V. T. Ruseh, and R. M. Golden. 

Effects of high-altitude nuclear explosions on radio noise, 
C. A. Samson. 

Measured frequeney spectra of vlf atmospheries. T. Obayashi. 


Determination of the amplitude-probability distribution of | 


atmospheric radio noise from statistical moments, W. G. 
Crichlow, C. J. Roubique, A. D. Spaulding, and W. M. 
Beery. (See above abstract.) 

Measurements of coastal deviation of high-frequency radio 
waves, C. W. MeLeish. 

An exact earth-flattening procedure in propagation around a 
sphere. B. Y.-C. Koo and M. Watzin. 

Limit of spatial resolution of refractometer cavities, W. J. 
Hartman. Conference on aretie communication. 

Tropospherie scatter propagation and atmospheric cireula- 
tions, W. F. Moler and D. B. Holden. 

Layered earth propagation in the vicinity of Point Barrow, 
Alaska, G. M. Stanley. 

Announcement of systematie ionospheric electron density 
data 

Tables of the bivariate normal distribution function 
and related functions. NBS AMS50, $3.25. 

Prediction of the cumulative distribution with time 
of ground wave and tropospheric wave transmis- 
sion loss. Part 1. The prediction formula, P. L. 
Rice, A. G. Longley, and K. A. Norton, Tech. 
Note 15 (PB151374), $1.50. 

Analysis of ionospheric vertical soundings for elec- 
tron density profile data. 1. Facilities for con- 
venient manual reduction of ionograms, J. W. 
Wright and R. B. Norton, Tech. Note 14 (PB- 
LD13%o), 90 Cents. 

Analysis of ionospheric vertical soundings for elec- 
tron density profile data. IL. Extrapolation of 
observed electron density profiles above hax F2, | 
J.W. Wright, Tech. Note 19 (PB151378), 50 cents. 

New approach in the theory of satellite orbits, 
J.P. Vinti, Phys. Rev. Letters 3, No. 1, 8 (1959). 

Production of embossing plates from texture patterns 
by electroforming methods, J. P. Young and V. A. 
Lamb, Plating 46, 1083 (1959). 

Method of evaluating the clinical effect of warping 
a denture: Report of a case, J. B. Woelfel and 
G. C. Paffenbarger, J. Am. Dental Assoc. 59, 250 
(1959). 

The sound transmission loss of some building con- 
struction, R. V. Waterhouse, R. D. Berendt, and | 
R. K. Cook, Noise Control 5, No. 4, 40 (1959). | 

Cryogenic insulation, R. H. Kropschot, Am. Soc. | 
Heating, Refrig. and Air-Conditioning Engrs. 1, 
No. 9, 48 (1959). 

End plate modification of X-band TEOI1 cavity 


Evolution of amplified waves leading to transition 
in a boundary layer with zero pressure gradient, 
P.S. Klebanoff and K. D. Tidstrom, NASA Tech. 
Note D-195, 1 (1959). 

Microwave reflectometer, G. F. Engen and R. W. 
Beatty, IRE Trans. on Microwave Theory Tech. 
MTT-7, 351 (1959). 

Penetration and diffusion of X-rays, U. Fano, L. V. 
Spencer, and M. J. Berger, Encyclopedia of Phys. 
38, No. 2, 660 (1959). 

Problems of the experimeter, W. J. Youden, Natl. 
Cony. Trans. Am. Soc. Quality Control, p. 41 
(1959). 

Some characteristics of VLF propagation using at- 
mospheric waveforms, W. L. Taylor and L. J. 
Lange, Recent Advances in Atmospheric Elec- 
tricity (Proc. 2d Conf. on Atmospheric Elec.), 
Portsmouth, New Hampshire, May 20 to 23, 1958, 
p. 609 (Pergamon Press, Inc., New York, N-.Y., 
1958). 

The changing character of chemical research in 
government, E. Wichers, The Chemist XXXVI, 
No. 7, 260 (1959). 

Study of the setting of plaster, K. D. Jorgensen and 
A. S. Posner, J. Dental Research, 38, No. 3, 491 
(1959). 

Optimum antenna height for ionospheric seatter 
propagation, R. G. Merrill, IRE Conv. Record 7%, 
Pt. 1, 10 (1959). 

Corrosion of type 310 stainless steel by synthetic 
fuel oil ash, H. L. Logan, Corrosion 15, 443t 
(1959). 

Physical research, Pt. 2,G. C. Paffenbarger and W. 
Souder, J. Am. Dental Assoc. 58, 98 (1959). 

The structure of electrolytic solutions, W. J. Hamer 
(John Wiley and Sons, Inc., New York, N-Y., 
1959). 

Width of cracks in concrete at the surface of rein- 
forcing steel evaluated by means of tensile bond 
specimens, D. Watstein and R. G. Mathey, J. Am. 
Concrete Inst. 31, No. 1, 47 (1959). 

Recent advances in eryogenie engineering, R. B. 
Jacobs, Am. Rocket Soc. ARS J. 29, 245 (1959). 

Transistorized velocimeter for measuring speed in 
the sea, C. E. Tschiegg, J. Acoust. Soe. Am. 31, 
No. 7, 1038 (1959). 

Inclusion theorems for congruence subgroups, M. 
Newman and |. Reiner, Trans. Am. Math. Soe. 
91, No. 3, 369 (1959). 

Factors affecting modulation techniques for VHF 
scatter systems, J. W. Koch, IRE Trans. Commun. 
Systems CS—7, No. 2, 77 (1959). 

Calculated patterns of slotted elliptic-evlinder anten- 
nae, J. R. Wait and W. E. Mientka, Appl. Sei. 
Research B 7, 449 (1959). 

Free radical chemistry, J. W. Mover and A. M. 
Bass, Chem. and Eng. News p. 51 (Aug. 24, 1959). 


resonators, M.S. Thompson, F. E. Freethey, and | Discussion of the papers of Messrs. Satterthwaite 


D. M. Waters, IRE Trans. on Microwave Theory | 


Tech. MTT-7%, 388 (1959). 
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and Budne, W. J. 
No. 2, 157 (1959). 


Youden, Technometries 1, 








A new aid for the rapid determination of absorption 
corrections by Albrecht’s method, D. K. Smith, 
Acta Cryst. (Copenhagen, Denmark) 12, Pt. 6, 
479 (1959). 

Radiation attenuation data, H. O. Wyckoff, Radia- 
tion Hygiene Handbook, edited by H. Blatz, sec. 
8, p. L (MeGraw-Hill Book Co., New York, 
N.Y.) (1959). 

Exposure standards and radiation protection regu- 
lations, L. S. Taylor, Radiation Hygiene Hand- 
book, edited by H. Blatz, sec. 3, p. 2. (\leGraw- 
Hill Book Co., New York, N.Y., 1959). 

Properties of rutile (titanium dioxide), F. A. Grant, 
Rev. Modern Phys. 31, 646 (1959). 

The interlaboratory evaluation of testing methods, 
J. Mandel and T. W. Lashof, ASTM Bull. No. 239, 


33 (1959). 


Measurements made by matching with known 
standards, W. J. Youden, W. S. Connor, and 


N.C. Severo, Technometrics 1, No. 3, 101 (1959). 
Evacuated powder insulation for low temperatures, 
M. M. Fulk, Progress in Crvyogenies—1, 65 
(Heywood and Co., Ltd., London, England, 1959). 


O 


The following papers were published in the Proe. 
5th Tech. Session on Bone Char, 1957 (Bone Char 
Research Project, Ine., Charlestown, Mass., 1959) : 

Introductory remarks, A. V. Astin, p. 1. 

Analysis of liquid sugars, KE. J. MeDonald, p. 77. 

Development of a new test for the abrasion hardness of bone 
char, F. G. Carpenter, p. 99. 

Kiffeets of controlled deearbonization on the performance of 
service synthad, F. W. Sehwer, W. V. Loebenstein, and 
Kk. P. Barrett, p. 145. 

Some mechanisms of color and ash removal by bone char, 
A. Gee, p. 163. 

Survey of variations in use for conducting laboratory-scale 
column filteration tests, V. R. Deitz, p. 237. 

Comparison of column decolorization experiments 
theory, W. V. Loebenstein, p. 253. 

Sugar retention by char, F. G. Carpenter, p. 279. 

Removal or organie anions by bone char, V. R. 
H. M. Rootare, p. 297. 


*Publications for which a_ price indicated (except for 
Technical Notes) are available only from the Superintendent of 
Documents, US. Government Printing Office, Washington 25, 
D.C. (foreign postage, one-fourth additional). Technical 
Notes are available only from the Office of Technical Services, 
US. Department of Commerce, Washington 25, D.C. (order 
by PB number Reprints from outside journals and the 
NBS Journal of Research may of le n be obtained directly from 
the author 
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